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Abstract 
 
This thesis explores mechanisms that determine coal seam gas (CSG) distribution and 
methods for its delineation. Understanding the distribution of gas content and composition 
underpins exploration and forecasting, as well as estimation of fugitive emissions from coal 
mines. Coal seam gas origins are variable, and thermogenic hydrocarbon accumulations 
are often supplemented by inorganic carbon dioxide and microbial methane in many 
reservoirs. The generation of these gases is dependent on geological and hydrogeological 
parameters relating to reservoir geometry and permeability. 
Specifically, this thesis examined: 
 Hydro-geochemical controls on gas distributions and the apparent vertical zonation 
of gas reservoirs in the Sydney Basin, Australia; 
 The role of in situ stress in regulating water and gas migration (and/or 
accumulation); and 
 Utilisation of wireline temperature logging to enhance existing gas and geological 
exploration methods.  
The Sydney Basin is a coal-bearing sedimentary basin in eastern Australia. It is bounded 
by a series of highlands in the north, west and south and drains towards the centre and 
then to the east of the basin. Coal seam gas occurrence is laterally extensive and 
comprises layers of biogenic and thermogenic hydrocarbons and carbon dioxide. The 
zonation of these gases is regular and cross-cuts regional bedding dip; however, the 
sequence of gases varies with geographical position within the basin. Inland areas host a 
CO2-rich zone between the shallow biogenic and deep thermogenic hydrocarbon layers, 
whereas coastal locations are devoid of CO2, even in the vicinity of igneous intrusives.  
Gas contents typically increase with depth and peak at around 600-800m, below which 
volumes decrease to the base of the coal-bearing sequences. Carbon isotope data mirror 
this trend; both δ13C-CH4 and δ13C-CO2 increase with depth down to 800m, and then 
stabilise. These results confirm the respective biogenic and thermogenic hydrocarbon 
origins; however, carbon dioxide results are more complex. Conventional interpretation of 
CO2 origin is limited to deep-seated magmatic sources; however, many of the δ13C-CO2 
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values in the basin are outside of the traditionally assigned range. Investigations reveal 
that meteoric water enriched with positive cations (such as fresh rainwater in highland 
recharge areas) routinely dissolve carbonate mineralisation and transport bicarbonate 
down-gradient. Groundwater chemistry evolves along flow paths from fresh to saline 
composition and this causes re-precipitation of minerals. In some areas, the bicarbonate 
saturated waters can get trapped and, due to partial-pressure and groundwater salinity 
changes, liberate CO2 gas which then adsorbs to the coal matrix. Saline groundwaters in 
coastal regions preclude the development of CO2-rich gas accumulations, instead hosting 
extensive hydrocarbon reservoirs.  
Groundwater infiltration and gas migration are dependent on permeability that primarily 
occurs via fractures and coal cleats. Horizontal stress is critical in determining whether the 
cleat or fracture sets stay open and form conduits. Reinterpretation of existing data 
showed that differential horizontal stress magnitude varies with depth in zones regardless 
of the host formation lithology or stratigraphy; similar to that exhibited by the gas 
compositional layering. This means that the horizontal stress isotropy varies between 
zones; displaying higher values in the shallower and deeper parts of the strata (associated 
with biogenic and thermogenic gas reservoirs, respectively), and lower values in the 
middle section around 600-850m that hosts the mixed gas zone. This results in more 
fracturing in the middle zone and is intensified by the pore pressure overcoming the 
effective vertical stress. The upwelling, deep formation waters interact with the meteoric 
influx and result in the development of a peak gas horizon in this zone.  
The observations show that the vertically zonal nature of the stress environment controls 
the hydrogeological setting, which in turn facilitates the gas distribution. Therefore, 
groundwater monitoring methods, such as wireline temperature logging, could be utilised 
for mapping gas distribution. This tool is used to discern downward and upward flow and 
identify along-bedding flow and for approximation of permeability. The changes in 
temperature gradients identify flow type boundaries that coincide with changes in gas 
characteristics. This is particularly pertinent where gas compositional changes occur; in a 
case study presented as part of this investigation, surface meteoric influx discernible from 
the temperature logs coincide with the shallow biogenic methane zone, which is underlain 
by a highly compartmentalised and isolated strata interval of some 100-300m thickness 
hosting high concentrations of CO2 gas. In an adjacent and less compartmentalised 
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region, the biogenic methane zone persists to deeper horizons but with increasingly less 
infiltration evident with depth concomitant with increasing CO2 compositions. 
This case study provides proof of concept for the utilisation of temperature logs towards 
enhancing coal seam gas exploration and optimising production and estimation processes.  
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1. INTRODUCTION 
 
Background 
Coal is a significant resource and commodity in Australia, with 459 million tonnes 
(Mt) of coal produced in 2013, including 336 Mt that was exported, making the nation 
the second largest coal exporter in the world (World Coal Association). Coals are 
host to hydrocarbon (and other) coal seam gases (also known as coalbed methane), 
which are an important energy source in their own right, particularly considering their 
lower environmental footprint than coal – both in production and usage. Interest in 
methods for estimating coal seam gas distribution is three-fold. In mining, coal seam 
gas is a hazard that has the potential to cause outbursts during mining activities, 
often with serious injuries or fatalities, as well as considerable economic and 
production disruption. Coal seam gas energy producers, on the other hand, are 
dependent on consistent supply of large volumes of gases of specific quality (gas 
composition), which can only be met if the gas distribution and reservoir controls on 
the supply field are well understood and managed. Both sectors are recognised 
greenhouse gas (GHG) emitters, adversely contributing to air pollution and climate 
change, and are required to report emission volumes.  
The National Greenhouse and Energy Reporting (NGER) Act, introduced in Australia 
in 2007, requires large air polluters to measure and report greenhouse gas 
emissions according to the National Greenhouse and Energy Reporting 
(Measurement) Determination. These emissions also include fugitive emissions from 
open cut coal mining that cannot be directly measured due to their dispersive 
‘fugitive’ nature. In order to estimate fugitive emissions, a thorough understanding of 
the in situ gas regime of the coal fields mined and the various geological controls on 
the gas accumulations within the reservoir are required. In 2008, CSIRO developed 
a preliminary methodology for the estimation of fugitive gas emissions (Saghafi et al., 
2008). This methodology focussed on the in-depth analysis of individual gas 
exploration boreholes but did not provide guidance on the integration of these 
observations into a full-field assessment and emissions estimate. Subsequently, the 
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Australian Coal Association Research Program (ACARP) facilitated a discussion 
between stakeholders – mine operators, the Department of Climate Change and 
Energy Efficiency, and audit firms – which resulted in the development of a set of 
guidelines (‘ACARP Guidelines’) that was partially adopted in the National 
Greenhouse and Energy Reporting (Measurement) Determination from 2011 
onwards. The guidelines encourage the use of data interpretation in the geological 
context, and this gives rise to the prospect of utilising estimation methodologies that 
build on the geological connection with gas distribution mapping and in situ volume 
estimation. 
In the above context, this thesis was undertaken to examine regional basin scale 
controls on gas content and composition distributions to enhance understanding of 
observations at mine-site scale and to contribute to improved gas volume 
estimations by delineating changing gas domains. As part of this process, the origin 
of coal seam gases was explored and relationships between gas and stress 
characteristics as well as hydrogeology analysed. Finally, the use of temperature 
logs as a tool for predicting changes in gas regimes was investigated. Together, 
these aspects (and resultant publications) contribute to improved forecasting, 
exploration and management of coal seam gas reservoirs. 
Geological connection 
Coal seam gases have various origins in the subsurface: thermogenic, biogenic or 
inorganic. Most commonly, the origin of gas is established using stable carbon and 
hydrogen isotope measurements (e.g. Hoefs, 1973). Thermogenic gases such as 
methane, ethane and other higher hydrocarbons, originate as part of the initial 
coalification process, and this establishes an inherent connection to coal and its 
properties as a source and/or host rock. Biogenic gases, on the other hand, have 
post-coalification origin, where the feed materials for the microbial consortia in 
meteoric waters hosted by the coals is in the form of coal or carbonaceous 
components and/or other gases such as carbon dioxide (CO2). Inorganic gases 
include CO2 and nitrogen (N2), with minor hydrogen sulphides (H2S), helium (He) 
and hydrogen (H). The CO2 is principally of igneous origin in many basins, but can 
also be sourced from thermogenesis and degradation of carbonate minerals, as well 
as oxidation of coal in near-surface horizons (Smith et al., 1982; Scott et al., 1994). 
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Nitrogen is predominantly encountered at near-surface horizons, but can also 
originate from thermal maturation processes at depth at temperatures greater than 
300°C (Krooss et al., 1995). The other inorganic gases are normally found as trace 
gases and are not routinely reported volumetrically. 
The importance of the origin and distribution interpretation of natural gas relates to 
the possible timing of its introduction into the evolving basin system. For example, 
early thermogenic gas may have been mobilised or expelled during subsequent 
geological events, or conversely, late-stage meteoric influx could have infiltrated 
some areas of a basin but not others that may have been hydraulically isolated due 
to prominent structural features in place at the time of infiltration. As a result, 
investigations of geological controls on gas distribution have ranged in scope from 
petrographic studies to basin-wide hydrogeological assessments. The microscopic 
scale investigations have focussed on how coal characteristics determine source 
material gas generation potential (Levine, 1993) and gas holding capacity as host 
rocks (Scott et al., 2007). Meso-scale studies concentrated on issues such as spatial 
distribution of gases around geological features (Creech, 1994), or the roles of cleats 
and fractures in gas migration (Laubach et al., 1998). Basin-wide studies consider 
coal rank distribution (e.g. Scott and Hamilton, 2006) as well as hydrogeology and 
basement architecture (e.g. Pashin, 2007) amongst other attributes. All of these 
studies contribute to understanding gas distribution and gas-in-place assessments 
regionally; however, in terms of mine-site scale emissions estimation, some of these 
components may be more important than others for understanding the local gas 
variability and relationship to geological parameters that can be used in optimising 
gas emissions estimation.    
Research problem  
Typically, coal mining takes place in the shallow part of the geological strata; most 
underground coal mines are located at less than 500m depth, whereas open cut coal 
mines do not reach horizons greater than approximately 250m. Furthermore, coal 
mines are typically located in regions with historical mining activities, which have led 
to various levels of ground disturbance. As a result, currently measured gas 
concentrations may not be representative of ‘virgin’ in situ gas regimes and any link 
with local geology may not be apparent and / or consistent. To address this potential 
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bias, it is important to consider any geological controls on gas distribution in a more 
regional context, including spatially and with depth. In this manner, key drivers for 
regional gas distribution characteristics and methods of interpretation may be 
developed. These can then be modified, where applicable, with locally relevant 
considerations to the overarching model to assist with gas-in-place resource 
estimation. 
Areas of common gas characteristics (or domains) exist in some coalfields (e.g. 
Pinetown, 2010), and in places the gas trends with depth exhibit layering that 
crosscuts the regional bedding dip (Thomson et al., 2008). Furthermore, preliminary 
analysis of some wireline geophysical logs indicates that the gas layering may be 
discernible from the temperature logs, and the layers could be related to the level of 
gas saturation in the coals (Burra, 2010). Individual downhole logs from particular 
areas can be compared and spatial domains of common characteristics delineated. 
This line of reasoning raises the possibility of the utilisation of wireline logs to 
streamline the interpretation of in situ gas characteristics for the purposes of gas-in-
place estimation. Geophysical logs are routinely collected as part of exploration 
drilling, and geological settings are often well-understood. On the other hand, gas 
sampling and testing is expensive and time consuming, requiring special equipment 
and training for the collection, handling and testing of samples. Nevertheless, it is not 
known if the preliminary results reported by Burra (2010) are repeatable in other 
areas as well, or what particular coal or reservoir property the temperature log 
gradient changes are responding to. As a result, there is a need to (1) investigate the 
underlying mechanisms of coal seam gas accumulation controls regionally, 
particularly in the context of gas zonation and spatial extents of these reservoirs, and 
(2) to relate these characteristics to the particulars of the temperature log signature 
and assess whether it has the potential to streamline gas reservoir characterisation 
and subsequent gas-in-place (and fugitive gas emissions) estimation. 
Setting 
The Sydney Basin is a Permo-Triassic coal-bearing sedimentary basin located on 
the southeast coast of Australia (Figure 1). It hosts a series of fluvial and marine 
sequences with three principal coal measure sequences comprising the Early-
Permian Greta Coal Measures, and the Late-Permian Wittingham and Newcastle 
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(and equivalent) Coal Measures (Table 1). Each of these terrestrial origin coal 
measures are separated by extensive marine sediments. Post-depositional tectonic 
activity resulted in the uplift and erosion of much of the Late-Permian coal sequence 
in the northeast part of the basin near the Hunter-Mooki Thrust Fault Belt, whereas 
the youngest coal measure sediments in the central and southern areas are located 
at up to 1000m depth. The Newcastle (and equivalent) Coal Measures outcrop (or 
are near-surface) around the southern, western (including northwestern) and eastern 
parts of the basin, with the Hunter Coalfield hosting the older Wittingham Coal 
Measures at surface. The geometry of the basin is open-ended towards the Pacific 
Ocean in the east and continues offshore.  
Principal structures in the region (and indeed, the basin geometry) are oriented in a 
north-south direction, with the Hunter-Mooki (and associated) Thrust Faults striking 
north-west (Figure 1). These features are the result of regional compressional 
regimes associated with basin formation during the Permian, as well as events in 
more recent times (i.e. last 6 Ma, Veevers, 2000). A significant extensional regime 
associated with the Tertiary Tasman Rift produced numerous normal faults and 
intrusions of dykes that strike northeastward; however, many of the features show 
reactivation in more recent times. Important N-S oriented regional synforms include 
the Camden Syncline in the southern part of the basin, Kulnarra Anticline in the 
central east and the Lapstone Monocline which forms much of the western boundary 
of the Sydney Basin. The Mt Coricudgy Anticline forms the northern limit of the 
Sydney Basin (Figure 1 and Figure 2).  
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Figure 1. Location map of the Sydney Basin, showing the key structural elements (modified 
from Memarian and Fergusson, 2003). 
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Table 1. Stratigraphy of the Sydney Basin, including nomenclature of units used in the various 
coalfields (Herbert, 1980; Scott and Hamilton, 2006; Pinetown, 2014). Green cells show coal-
bearing sequences. 
 
 
Figure 2. West to East cross-section across the Sydney Basin (modified from Blevin et al., 
2007). 
Coal mines are located around the rim of the basin; the southern (Illawara Coalfield) 
region is dominated by underground workings penetrating under the thick sandstone 
escarpment, and similar conditions exist in the Newcastle Coalfield in the north east 
where the same (Newcastle Coal Measure) coal seams are exploited under Lake 
Macquarie and Central Coast regions (Figure 3). The inland Western Coalfield also 
mines the Newcastle Coal Measure seams via, mainly, underground methods, 
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although a number of large open cut mines are operating in the northwest. The 
northern Hunter Coalfield principally hosts the Wittingham Coal Measures and coal 
mines operate using both underground and open cut methods. Operations in only 
two small areas in the north Sydney Basin mine the Early-Permian Greta coal 
measures, both as the result of significant uplift (e.g. 500+m) by nearby large thrust 
faults associated with the Hunter-Mooki Fault Belt. These do not form a significant 
part of the regional geology nor gas regime (no gas is associated with either area) 
and are not considered further in this study.  
 
Figure 3. Location map of the four coalfields of Sydney Basin, NSW. (Modified from 
http://www.resourcesandenergy.nsw.gov.au/landholders-and-community/geoscience-for-
landholders/coalfields to depict the coalfields as described by the Standing Committee on 
Coalfield Geology of NSW.   
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Research objectives and methodology 
Coal seam gas resource estimation requires the understanding of the in situ gas 
regime and its controls. If non-direct measurement technologies are to be utilised in 
the assessment of gas regimes, then the connection between the method output and 
the in situ conditions must be investigated and ascertained. The principal aims and 
the leading questions of this research are three-fold: 
1. Exploration of the controls on coal seam gas distributions in the Sydney basin.  
 In particular, what are the gas origins in the basin, and what are the 
controls on the wide-spread CO2 accumulations that occur in some 
parts of the basin (but not others)? 
2. Investigation of the documented gas compositional zonation with depth.  
 In particular, what are the roles of hydrogeology and the in situ stress 
regime considering the oblique nature of the gas zones relative to 
surface topography and bedding plane dips? 
3. Analysis of temperature log responses to the presence of coal seam gases in 
the subsurface. 
 What are the key controls on the temperature log response given that 
the temperature log appears to delineate gas reservoirs in the 
subsurface? How can this information be used to improve gas 
exploration and forecasting? 
The research program was designed to address these questions in a progressive 
manner, where underlying geological conditions are investigated first and then tested 
against the hypothesis that the temperature log gradient changes respond to the gas 
regime (via an in situ controlling mechanism). The project accessed publically 
available datasets, complemented by a large mine-site data set that allowed for the 
testing of regional as well as local trends and correlations. The thesis is structured to 
investigate the particulars of the coal seam gas regime including gas origins, the 
geological controls on the gas regime and the connection of these processes to the 
responses identified on the temperature log. The outcomes of these investigations 
are detailed in a series of papers that, together, form the principal framework of this 
thesis: 
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 Paper 1 describes the gas distribution of the Sydney Basin and investigates 
the hydrogeological and hydrochemical connections to the observed gas 
compositional layering.  
 Paper 2 considers the role of the in situ stress regime in regulating water and 
gas migration, based on the gas model discussed in Paper 1.  
 Paper 3 investigates the particulars of the temperature log responses and the 
geological conditions that may result in producing these signals. It builds on 
the findings of Papers 1 and 2 that the layered nature of the gas regime in the 
basin is controlled by the in situ stress environment which in turn affects the 
hydrogeological characteristics. 
The final chapter of the thesis provides a synthesis of these individual components 
and discusses the relevance of the findings in the coal seam gas reservoir 
characterisation and gas-in-place estimation context. 
Research Outcomes 
A series of papers were produced as part of the research and are presented as part 
of this thesis.  
Paper 1 entitled “Coal seam gas distribution and hydrodynamics of the Sydney 
Basin, NSW, Australia” discusses previous gas models proposed for the region 
(e.g. Faiz and Hendry, 2006; Thomson et al., 2008; Pinetown, 2010) and presents 
new data with the aim to probe the nature and extent of the apparent gas layering in 
the basin. It was hypothesised that the gas layering is controlled by different flow 
regimes with downward and upward flowing formation waters driven by gravity and 
pressure-differential (buoyancy), respectively interacting to cause changes in the 
extent and depth of the main gas types in the basin.  
New compilation of public and private domain information presented towards 
discussing these hypotheses included gas content and composition and carbon 
isotope. Using the ~2000 gas samples available for the study, typical gas profiles 
were plotted from different parts of the basin to support the hypothesis that gas 
layers are spatially extensive and continuous across large areas, and this included 
locations where the lower total coal-bearing strata thickness meant that only part of 
the full layering sequence was intercepted. Gas content trend is overall parabolic in 
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nature with depth, increasing in content to a ‘peak gas content’ horizon before 
decreasing in concentrations at depth.   
Paper 2 entitled “Horizontal stress anisotropy and effective stress as regulators 
of coal seam gas layering in the Sydney Basin, Australia” builds on the regional 
geological, gas and hydrogeological setting presented in Paper 1 as well as earlier 
findings (e.g. Gray, 1987; McKee et al., 1988; Enever and Henning, 1997) that 
effective stress in coals has an inverse relationship with permeability. This influences 
fluid as well as gas migration in the subsurface. Further, the magnitude of horizontal 
stress has been shown to be a related to their elastic properties (e.g. Dolinar, 2003; 
Gray, 2011); however, elastic theory is only applicable to rocks that have not failed, 
and this may not be the case for all rocks, particularly coals with extensive cleat 
systems. Therefore, the investigation concentrated on large-scale influences that are 
acting on the strata.  
In particular, stress anisotropy was of interest because it varies as a function of 
tectonic regime as described by the Anderson fault classification (Anderson, 1905; 
Zang and Stephansson, 2010; Flottman et al., 2013). Additionally, the pore pressure 
gradient changes with depth, even within the hydrostatic pressure zone; this would 
have ramifications for the magnitude of effective vertical stress. Paper 2 collated 
publically available horizontal stress measurements and privately sourced pore 
pressure measurements from regional observation wells from around the Sydney 
Basin, and tested the hypotheses presented above.  
Paper 3 entitled “Use of temperature logs in coal seam gas distribution 
mapping” provides an overview of temperature log interpretation methods that are 
routinely used by hydrologists to interpret groundwater flow characteristics. The 
wireline temperature log is inexpensive and easy to obtain as part of any exploration 
program, and it provides a method to potentially enhance gas exploration efforts, 
interpretations and production forecasting. This paper also introduces a case study 
where the log trace is interpreted using these techniques for hydrogeological 
characterisation, which in turn is related to the gas regime at the northern Sydney 
Basin location. The strength of this tool for interpreting gas characteristics lies in the 
manner that gases are either emplaced or are stored in the subsurface. Coal seams 
can be good aquifers owing to their fractured structure. They have low thermal 
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conductivity (i.e. high thermal resistivity) that results in a blanketing effect where they 
limit the transfer of heat to strata above from deeper, hotter horizons (e.g. Hill, 1990; 
Prensky, 1992). This characteristic makes the seams easily recognizable on 
temperature logs. Additionally, inflections in the temperature gradient coincide with 
changes in the gas content and/or composition, and this correspondence could 
reflect influx of meteoric water that controls methanogenesis. As such, temperature 
logs might be used as proxies for changes in gas content domains.  
The case study presented in Paper 3 explores the above concept of temperature 
logs reflecting hydrogeological regimes and the associated gas distribution. It builds 
on the premises established in Papers 1 and 2 that coal seam gas distribution in the 
Sydney Basin occurs in a series of hydrogeologically controlled zones that are 
governed by the in situ stress regime. This allows for the delineation of these zone 
boundaries and their associated gas characteristics by the use of temperature logs, 
and this was successfully demonstrated in the case study provided in Paper 3.  
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2. Literature review 
Introduction 
Reservoir characterisation is a key component of coal seam gas field evaluation. Large 
efforts are required to establish many key criteria for the assessment of likely productivity 
or needed optimisation of a gas field. In underground coal mining, understanding coal 
seam gas distribution and its controls are critical for effective management of worker 
safety and mine productivity. In open cut coal mines, estimation and mitigation of fugitive 
gas emission volumes emitted during extraction activities are vital for the ongoing 
environmental and financial management of resource development. Resultantly, effective 
tools are required for the successful and timely assessment of key parameters affecting 
coal seam gas accumulation. 
Coal is a complex source and reservoir rock for gas generation and accumulation. It is a 
carbon-rich material of different original organic components that have undergone varying 
levels of coalification that affect inherent properties such as pore structure, sorption 
capacity and diffusivity. These characteristics respond differently to subsequent tectonic 
and hydrogeological environments, resulting in conditions that may or may not be 
favourable to the accumulation and retention of coal seam gases. As a result, coal seam 
gas distribution can be controlled by many factors – some inherent and some external. 
Inherent factors may be coal rank or type; whereas external controls may be 
compartmentalisation by local impermeable layers. Nevertheless, the regional-scale 
depositional and burial setting is affected by secondary tectonic deformation, uplift and 
hydrological changes and consideration of these should form the basis of any reservoir 
analysis. 
In situ stress impacts permeability, which in turn affects hydrogeological conditions and 
gas accumulation. Stress regimes need to be considered in three dimensions, where their 
influence persists spatially across areas as well as vertically in the subsurface. To detect 
changes in the stress field between areas or strata sections provides a good basis for gas 
reservoir characterisation. Therefore, means by which the delineation of regions for 
common characteristics can be achieved is the main interest of this research.    
Wireline temperature logs may be utilised for the identification of ‘zones’ of common gas 
characteristics in the subsurface and across regions (‘domains’); however, the mechanism 
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for this correlation remains unclear. To investigate the hypothesis that the various changes 
in the background temperature log gradient respond to in situ stress conditions requires 
the systematic examination of the various components of overarching mechanical coal 
seam gas reservoir controls. To this end, the origin of coal seam gases and the nature of 
in situ stress and hydrogeological (including hydrochemical) regimes in sedimentary 
basins are investigated, and results applied to the study area of the Sydney Basin, NSW, 
Australia.  
This chapter details the various aspects of these investigations. It also aims to present the 
state of understanding in these fields prior to conducting this research, as well as place 
some of the results reported in the subsequent chapters in context. Accordingly, this 
chapter is divided into 5 main sections introducing coal property characteristics in relation 
to coal seam gas considerations, coal seam gas origins, key hydrogeological and in situ 
stress regime components, and the particulars and established uses of wireline 
temperature logs. These aspects will also be discussed in the context of the Sydney Basin 
study area and lead on to the discussion of findings in the following chapters. 
Coal seam gas 
Coal is a heterogeneous rock composed of organic matter and mineral matter which is 
often estimated by ash yield and moisture. The organic component of the coal is 
comprised of macerals and the level of thermal maturation, together with moisture, is often 
used as an indicator of rank. Coals are normally divided into five major rank groups (from 
lowest to highest): peat, lignite and sub-bituminous, high volatile bituminous, low and 
medium volatile bituminous, and anthracite, with decreasing moisture and volatile matter 
contents. The organic components are termed macerals and the three main types 
commonly identified are vitrinite, inertinite and liptinite, representing plant cellular matter, 
fusinitised plant materials and resins or algal remains, respectively (e.g. Ward, 1984).  
Coal can serve as a source rock and a host rock for coal seam gases (e.g. Levine, 1993). 
Coal seam gases are generated as part of the coalification process (i.e. thermogenic 
gases), but can also be introduced into the host formations via secondary processes from 
biogenic and inorganic sources; as well as conventional-style migration due to pressure 
differential. Coal seam gas primarily occurs adsorbed on to the organic matrix surfaces, 
although minor amounts can sometimes also be present as dissolved (in pore fluid) and 
free gas (e.g. Gray, 1987; Laubach et al., 1998; Ayers, 2002). The most common gases in 
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coal are methane (CH4) and carbon dioxide (CO2), but other gases such as nitrogen (N2), 
hydrogen sulphide (H2S) and wet hydrocarbons also contribute to reservoir volumes. The 
ultimate concentrations observed are controlled by many parameters, including inherent 
coal properties, geological and hydrogeological settings and these are examined in the 
following sections.  
Coal properties affecting coal seam gas volumes 
Inherent coal properties 
The relationship between coal characteristics and gas sorption capacity is complex. Early 
studies probed relationship between rank and maceral types as principal controls on gas 
sorption (and / or gas content levels) with relative success in some areas (USA – Kim, 
1977; Yee et al., 1993; southern Sydney Basin - Faiz et al., 1992; eastern Canada – 
Lamberson and Bustin, 1993; Bowen Basin - Levy et al., 1997, Laxminarayana and 
Crosdale, 1999). Gas sorption investigations relate to the theoretical holding capacity of 
coals, and these can vary between adsorption and desorption stages (i.e. hysteresis). A 
related property is diffusivity which is a measure of the rate of sorption of a coal sample.  
The aforementioned studies found that sorption capacity increases with increasing rank 
and coal surface area, but decreases with increasing ash and moisture contents, as well 
as temperature (Levy et al., 1997; Crosdale et al., 2008; Zhang et al., 2011). Crosdale et 
al. (1998) commented that vitrinite-rich coals have larger sorption capacities than inertine-
rich coals, even when adjusted for coal rank. They also showed that variation in adsorption 
capacity among coal types is related to the pore structure of the coal. Gamson and 
Beamish (1992) are in agreement with this finding and further state that “coal is not simply 
a matrix of micropores that are surrounded by cleats, but instead a dual porosity medium 
of micropores and macropores” (p 54). Similar views are expressed by Misra et al., (2006) 
regarding high-liptinite coals in India where microstructures exist within the meso- and 
macropores of dull lithotypes. These play an important interactive role with the more widely 
considered cleat or fracture porosity in gas migration and flow behaviour. They stated that 
“microstructures play a rate-limiting role between diffusion (micro-pore) and laminar flow 
(macro-pore)” (p 1408, Misra et al., 2006) in the coals. Lamberson and Bustin (1993) also 
noted pore size distribution to be as critical a component in determining the sorption 
capacity of coals as other characteristics such as coal rank; whereas Laxminarayana and 
Crosdale (1999) attribute different diffusion characteristics to varying pore sizes, with lower 
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rank coals (with meso- and macropores) exhibiting higher effective diffusivity than higher 
rank (vitrinite- and micropore-rich) coals which desorb at a slower rate.  
Relationships between gas characteristics and coal properties are not as apparent in other 
regions or studies. Investigations in the Surat Basin yielded mixed results (Scott et al., 
2007), and no direct relationship was found to exist between maceral types and gas 
content; although a tentative correlation between liptinite and gas contents was reported. 
Overall, they reasoned that historical hydrological and geological factors (for example, 
regional highly permeable erosional surfaces) may be more critical in the development of 
the observed gas distributions of the Juandah and Taroom Coal Measures, where the 
middle and lower parts of the sequence show very consistent (i.e. similar) coal properties 
but variable gas contents. Durucan et al. (1992) also found that regional geological (and in 
situ stress) controls on coal seam gas distribution are more important than inherent 
properties of host coals in the United Kingdom, and this has been echoed from many other 
basins (e.g. Ayers and Kaiser, 1992; Ellard et al., 1994; Scott et al., 1994; Pashin, 2007; 
Pashin, 2010).  
 Although gas generation and gas holding capacity both increase with rank, the actual gas 
content retained within a coal does not always follow coal rank (e.g. Young and Pratt, 
2005; Levine, 1993; Scott, 2002). Bustin and Clarkson (1998) noted that the highest rank 
samples in the southern Sydney Basin also had the highest permeability but reported 
lower than expected gas contents, based on their sorption capacities (i.e. low gas 
saturation), indicating a level of reservoir leakage in that area. This highlights the influence 
of in situ geological and hydrogeological conditions post coalification on present day gas 
distribution.  
Cleats and Permeability  
Permeability to gas and liquid is an important reservoir property to consider in coal seam 
gas reservoir characterisation. Permeability in coals is principally related to their naturally 
fractured character where stress conditions are favourable (Gray, 1987; Harpalani and 
Chen, 1992, Laubach et al., 1998; Groshong et al., 2009), comprising of cleat systems, 
however, inherent coal properties can sometimes contribute to this in the form of 
micropore structures discussed in the previous section (e.g. Crosdale et al., 1998; Misra et 
al 2006). Coal matrix is sensitive to in situ conditions; it shrinks with increasing effective 
stress, and swells with decreasing pressure (Harpalani and Chen, 1992). These volume 
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changes not only affect the permeability of the medium due to the opening or closing of 
cleat systems, but also influence the sorption capacity of the coal reservoir.  
Cleats may also be filled with secondary mineralisation, limiting their effectiveness as 
conduits (e.g. Pitman et al., 2003). Cleats are thought to form due to a number of 
processes, principally related to coal shrinkage during devolitisation (Pashin et al., 1999; 
Laubach et al., 2000; Li et al., 2004) or expansion due to thermal gas generation (Pashin 
et al., 1999), as well as in response to tectonic forces post-coalification (e.g. Solano – 
Acosta et al., 2007). Kulander and Dean (1993) demonstrated that cleat domains are 
related to underlying basement structure and sedimentological geometry in West Virginia, 
and that the domains can persist though different stratigraphic sequences regardless of 
lithotypes present.  
In addition to cleats, jointing and fracturing from tectonic processes also have the potential 
to enhance gas and fluid flow in coals (and other rocks), provided no extensive 
mineralisation is present (e.g. Laubach et al., 2000). Fracture spacing in rock mass is 
proportional to the bedding thickness (Ladeira and Price 1981); and therefore, fracturing in 
thinly bedded strata is more frequent than in massive competent units such as sandstone 
lenses or sheets. This has also been observed in coal structure patterns, where the 
average cleat spacing was found to be linearly correlated to the thickness of the vitrain 
bands in the host formation (Dawson and Esterle, 2010). Pashin (2003) cites a number of 
studies with similar findings; in general, dull, high ash and low rank coals have much 
sparser cleat spacing than bright or high rank coals. Nevertheless, dull coals in the Sydney 
Basin were demonstrated to display much higher sensitivity to permeability changes (due 
to stress) than bright coals (which have higher overall permeability) and this has a 
significant effect on gas producibility (Bustin, 1997). Indeed, Flottman et al. (2013) found 
that cleat fracture frequency is not a strong measure of producibility from coal reservoirs in 
the Bowen Basin, and the direction of the principal horizontal stress acting on the cleats is 
a more critical consideration.  
Therefore, as with inherent coal property controls on gas sorption and diffusivity 
characteristics discussed earlier, the effect of cleats on permeability (i.e. gas transportation 
and producibility) is also strongly dependent on in situ reservoir conditions including stress. 
However, in both exploration and production forecasting, knowledge relating to the 
presence of coal seam gases in place is imperative, and this requires the investigation of 
the gas origins and conditions of gas emplacement and/or retention. The effect of in situ 
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stress on permeability will be discussed in detail in the section entitled “In situ stress”– 
page 2-16.  
Origin of coal seam gas 
The origin of coal seam gas is most commonly determined stable carbon and hydrogen 
isotope analysis. Golding et al. (2013) summarised the key isotopic interpretations. In 
terms of methane origin, δ13C values between -80 and -60‰ are interpreted to be of 
biogenic origin and those above -50‰ are considered to be thermogenic. Intermediate 
results between -60 and -50‰ may imply mixed origins but could also be the result of 
secondary processes such as water stripping or cracking of bitumen and liquid 
hydrocarbons (Boreham et al., 1998, 2001; Faiz and Hendry, 2006; Kinnon et al., 2010). It 
can also be considered as an indication of the extent of methanogenesis in the system, 
evidently associated with groundwater residence time (Bates et al., 2011). Further, isotopic 
fractionation can also occur as a result of diffusion from depth. However, findings by Xia 
and Tang (2012) indicate that such alterations are not likely to be greater than 5‰. 
Nevertheless, Pashin et al. (2014) (and research by Vinson et al. (2012) cited therein) 
caution against the strict use of carbon isotope value cut-offs for the determination of 
methane origin because biogenic gas generated by CO2 reduction may produce larger 
δ13C values depending on the source of the original CO2 consumed by the methanogens.   
Carbon dioxide isotope ranges for coal seam and natural gas accumulations are 
somewhat less well defined, with values between +20‰ and zero considered to be CO2 
residual after methanogenesis (e.g. Faiz et al., 2003, Pinetown, 2010); -3 to -7‰ of 
magmatic or “deep-seated external origins” (Smith and Pallaser, 1996); and those below -
10 ‰ deemed to be “thermogenic” (Whiticar et al., 1986; Rice, 1993; Faiz and Hendry, 
2006). Nevertheless, isotope shifts between these categories have been reported from 
other areas (e.g. Astoria Fan, USA in Rice and Claypool, 1981; Gulf of Suez in Aref, 
1998), and some authors have cautioned that some of these shifts can be due to varied 
levels of gas degradation and substrate depletion effects (Rice and Claypool, 1981; Rice, 
1993; Hoefs, 2009; Golding et al., 2013). Some gas origin categories (i.e. δ13C ranges) 
can indeed overlap and as such, may not necessarily be representative of a “fixed” single 
origin signature (Scott et al., 1994). The well-cited igneous origin of -3 to -7 ‰ in some 
works (e.g. Hoefs, 1973; Smith and Pallaser, 1996), for example, also may be interpreted 
in terms of ‘average crustal carbon’ that results from mixing between carbonate and 
organic sources. As a result, the interpretation of CO2 carbon isotope values was 
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recommended to be carried out in the context of the hydrogeological and biogeochemical 
regime (cf. Golding et al., 2013). 
Biogenic methane can be generated along two main metabolic pathways: acetate 
fermentation and CO2 reduction. It has been widely reported that the principal 
methanogenic pathway in coal basins is CO2 reduction (e.g. Smith and Pallaser, 1996; 
Faiz et al., 2003); however, both pathways occurred in a number of basins (Flores et al., 
2008; Hofmann and Cartwright, 2013). The significance of this is that, in addition to the 
methane, the acetate fermentation process also produces CO2 and this has implications 
for the origin of CO2 accumulations at depth in a basin.   
Experiments on the effect of thermal heating of coal (i.e. coalification) showed that 
different types of gas are produced under different temperatures from humic and 
sapropelic coals (Hunt, 1979; 1996) (Figure 1). Results indicate that the first gas 
generated is CO2 at approximately 50 °C, which is the equivalent of subbituminous rank 
(~0.5% Ro). Above this temperature, increasing amounts of hydrocarbons (HCs) (methane, 
ethane and higher HCs) and nitrogen are produced at maximum volume at around 150°C, 
or the equivalent of medium to low volatile bituminous coal (~1.3% Ro). At higher 
temperature, gas generation declines, producing a parabolic maximum gas volume trend 
with temperature and/or rank (Figure 1). Such parabolic gas content trends have been 
reported from a number of Australian Basins (Sydney Basin – Faiz et al., 2007a; Surat 
Basin – Hamilton et al., 2014).     
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Figure 1. Hunt diagram: thermogenic gases generated from humic and sapropelic coals under 
various thermal maturity and temperature conditions. (Hunt, 1979; Pashin, 2008). 
Hydrogeology 
Hydrodynamics 
Geological and geographical settings exert a strong control on the hydrological 
development of a region. Topographic relief and climate typically drives the surface and 
near-surface flow regimes, as well as the extent of water recharge and discharge (Deming, 
1989; Bachu and Underschultz, 1993). When hydrogeology and hydrodynamics are 
discussed in relation to coal seam gas distributions (e.g. Ayers et al., 1992; Scott et al., 
1994; Scott, 2002; Scott and Hamilton, 2006; Pashin, 2007; Song et al., 2012), it is either 
in the context of near-surface flow characteristics related to topographic relief and seam 
outcrop (e.g. Scott and Hamilton, 2006) or of barriers to water movement from faulting or 
similar structural features (e.g. Pashin, 2007; Lamarre, 2003). Surface water influxes are 
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usually referred to as meteoric recharge and are inferred to penetrate a basin from 
outcrops near the edge of basins or along fracture sets penetrating the subsurface (e.g. 
Pashin, 2007; McLean et al., 2010b). Both the topographic and geological setting will 
determine the ultimate extent to which these waters penetrate with surface or shallow 
alluvial flows returning to the local catchment areas (creeks and rivers) within days, weeks 
or months whereas flows the reached deeper horizons may take years or millennia to 
return to the circulation. Scott (2002) and Scott and Hamilton (2006) refer to the two kinds 
of flow as ‘convergent flow’ and ‘underflow’, respectively, and other authors in the 
hydrology literature (e.g. Jankowski et al., 2008) using the terms ‘surface flow’ and 
‘baseflow’ to describe these concepts. Bachu and Underschultz (1993) refer to similar 
concepts as local and intermediate flow regimes. These are part of the near-surface water 
cycle (Figure 2).  
 
Figure 2. Schematic illustration of groundwater circulation over time (UK Groundwater Forum, 
http://www.groundwateruk.org/Image-Gallery.aspx ) 
 
In addition to the meteoric or near-surface gravity-controlled hydrostatic flow, there is 
deep, pressure-driven upward flow of formation water (e.g. Magara, 1978; Kreitler, 1989; 
Bethke and Marshak, 1990; Bjorlykke, 1993; Gurevich et al., 1994; Brassington and 
Taylor, 2012). The former originates from young and fresh surface waters seeping into a 
basin moving deeper into the strata assisted by gravity or “free-flow”. Such waters will 
migrate as deep as the pore pressure regime (and other factors such as fluid density and 
chemistry) allows and this occurs as a function of the hydrostatic pressure gradient in the 
region. Hydrostatic gradient is generally considered to be a linear increase in pressure with 
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depth. Deep saline formation waters, however, migrate upward (e.g. towards lower 
pressures) by one or more of a number of mechanisms such as compaction (and resulting 
pressure differentials), geochemical changes such as salinity changes and osmosis, and 
the cracking of hydrocarbons (Kreitler, 1989; Bjorlykke, 1993; Gurevich et al., 1994; 
Gurevich and Chilingarian, 1997). Indeed Deming (1989) stated that “the most important 
drivers for fluid flow in the continental crust are topography gradients, sediment 
compaction and diagenesis, and buoyancy forces” (p 27) as well as “fluid-density 
gradients” (p 27).  
Where the two flow regimes converge, a mixed water “transitional” regime prevails, and 
rapid changes in water chemistries develop, as documented in a shallower fresh/saline 
water interaction in northwest England by Brassington and Taylor (2012). Elsewhere the 
transitional flow is referred to as intermediate flow (Bachu and Underschultz, 1993).  
The interaction of these two overarching flow regimes is illustrated by an example from 
western Canada (Bachu and Underschultz, 1993) where the regional (or basal) flow was 
demonstrated to move in a north-easterly direction as dictated by the pressure-drive from 
density-differential and bedding plane geometry. Local flow on the other hand was 
controlled by topographic relief, and the intermediate flow displayed characteristics of both 
systems. These types of flow regimes are widely documented in the petroleum geology 
literature, but discussions are often related to young and subsiding sedimentary basins, 
such as those in the Gulf of Mexico (e.g. Kreitler, 1989). In these settings, increasing 
compaction of sediments provide a strong upward flow towards shallower horizons, where 
these saline waters meet free convection flows that penetrate to surprisingly deep horizons 
of around 2-3 km. Indeed, a number of authors in those fields do not consider 
geopressured conditions to occur in sediments shallower than 3,000m (e.g. Fertl and 
Chilingarian, 1989; Aref, 1998); however, most of this work is carried out in off-shore and 
geologically young subsiding basins. Where compaction rates are higher than the rates at 
which pore fluids can be expelled, overpressure can develop which upon further burial 
may provide drive for upward formation fluid migration (e.g. Fertl, 1976; Magara, 1978; 
Gurevich and Chilingarian, 1997; Bjorlykke and Hoeg, 1997). Conversely, in older and 
uplifting sedimentary basins such as the Sydney Basin, decompaction and fracture dilation 
(e.g. “rebound”) would be important, both in terms of porosity as well as fracture frequency 
and aperture in the upper (hydrostatic) sequence. The location or extent of normal 
hydrostatic and geopressured zones is commonly derived from porosity assessments 
using downhole (wireline) geophysical tools, such as sonic, neutron, density and resistivity 
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(e.g. Fertl, 1976; Magara, 1978; Fertl and Chilingarian, 1989; Aminzadeh et al., 2002). The 
boundary between the two regions is determined by analysing where the decrease in 
porosity with depth stabilises and becomes significantly reduced or constant, typically at 5-
10% porosity. In the Sydney Basin, actual porosity measurements (compiled by Blevin et 
al., 2007) allow for the accurate identification of this transition zone at approximately 1000-
1200m depth (Figure 3). Approaching this zone, porosity levels out at around 8%; whilst in 
the shallower hydrostatic zone, porosity decreases gradually at an approximate rate of 2% 
per 100m of vertical strata. The significance of this is that it is possible for meteoric 
recharge and associated methanogen to intrude to a depth of approximately 1,000m depth 
in the Sydney Basin.  
 
Figure 3. Porosity and permeability vs depth from core data in the Sydney Basin (Blevin et al., 2007). 
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Hydrochemistry 
Hydrochemical facies 
Typical hydrochemical facies in a sedimentary basin develop from inland (or elevated) 
fresh-water recharge areas towards coastal (or low-lying) discharge areas through 
gradually decreasing calcite saturation and increasing sodium bicarbonate and chloride 
components (Back et al,. 1993; Postma et al., 2008). Back et al. (1993) discuss a series of 
major cation exchanges during groundwater evolution, with significant changes to the 
system occurring in the presence of dissolved CO2 and bicarbonate. An increase in CO2 
concentration in the water leads to increased solubility of carbonate minerals (Runnells, 
1993). The CO2 can originate from coal maturation, oxidation and magmatic activity, but 
also from the dissolution of carbonate minerals produced through groundwater interactions 
with country rock, as well as methanogenesis. Bicarbonate is primarily removed from the 
water by precipitation of calcite or by discharge of bicarbonate rich groundwater from the 
system (Runnells, 1993; Van Voast, 2003; Pashin, 2008).  
In this hydrochemical facies development process, total dissolved solids (TDS – a proxy 
used for salinity) increase with depth and down-gradient towards the coast. Salinity is an 
important factor (together with temperature and pressure) for gas solubility, with increasing 
salinities impeding both methane and CO2 solubility (e.g. Morton et al., 1981; Chang et al., 
1998, Duan and Sun, 2003; Hangx, 2005; Brassington and Taylor, 2012).  
Groundwater quality studies in coalfields describe a similar series of groundwater 
chemistry changes, but in the context of coal seam gas reservoir interactions (Van Voast, 
2003; Pashin et al., 2014). Fresh surface waters are rich in calcium bicarbonate and 
calcium sulphates (i.e. Ca-Mg SO4) and the latter is reduced as part of microbial activity as 
part of methanogenesis. The process creates an excess of bicarbonate which is 
precipitated as part of a series of cation exchanges with country rocks, resulting in sodium-
rich waters (e.g. NaHCO3). This is in agreement with observations by groundwater studies 
(Kellett et al., 1989; Runnells, 1993). Pashin (2008) states “for this reason, fresh 
subsurface waters in coal-bearing strata are almost universally sodium bicarbonate 
waters” (p 260) and “beyond the freshwater plumes, sodium chlorides of marine affinity 
predominate” (p 261).  
While this sequence of layered groundwater chemistry exists in coal-bearing sedimentary 
basins, an identical profile is reported from non-coal-bearing basins elsewhere in the world 
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(e.g. Back et al., 1993; Downing, 1998). This would imply that groundwater facies 
development is associated with natural hydrochemical processes along flow path, and may 
not be related to coal-bearing and/or coal seam gas hosting strata. Alternately, the 
sequence of hydrochemical development results in generating ‘coal seam’ gases in 
groundwaters of non-coal-bearing strata. An example where the sequence of dissolved 
gases with depth closely mirrors that documented in many coal basins worldwide is 
provided by Pitkanen and Partamies (2007). The study reports dissolved gases including 
CO2, CH4 and higher hydrocarbons from 0-800m depth from a proposed nuclear 
depository site in Finland, in a host strata sequence consisting of metamorphic rocks. They 
report that these stratified redox conditions are normal and in agreement with other sites in 
the region. The origins of the hydrocarbons are attributed to sulphate reduction in shallow 
horizons around 300m depth where hydrocarbons form trace amount and sulphates and 
CO2 dominate, and carbonate reduction at greater depths (>=800m) which migrate to 
shallower horizons and dissolve in the under-saturated groundwaters. These 
developments, particularly sulphate reduction, are similar to those attributed to 
methanogenesis in coals worldwide (e.g. Whiticar and Faber, 1986; Pashin, 2008; Brinck 
et al., 2008). 
Hydrochemistry of formation water 
Formation waters of certain geochemical compositions have been linked to 
methanogenesis (Van Voast, 2003; Draper and Boreham, 2006; Pashin, 2008; Brinck et 
al., 2008; Kinnon et al., 2010; Golding et al., 2013; Taulis and Milke, 2013), with water 
compositions from methane-producing wells showing markedly similar characteristics in 
reported areas (e.g. US (Van Voast, 2003; Pashin, 2008; Brinck et al., 2008), Bowen Basin 
(Draper and Boreham, 2006; Kinnon et al., 2010), and New Zealand (Taulis and Milke, 
2013)). The results commonly show minimal Ca and Mg, but significant concentrations of 
Na and HCO3 (Van Voast, 2003; Brinck et al., 2008; McLean et al., 2010a; Taulis and 
Milke, 2013). In some areas Cl is prominent as well, but this is often connected to coals in 
paralic or marine influenced depositional settings (e.g. Van Voast, 2003; Pashin, 2003), 
which also have relatively elevated salinity and TDS. Golding et al. (2013) and Taulis and 
Milke (2013) have highlighted increased alkalinity levels in such waters as well. Limited 
water data from the Sydney Basin (McLean et al., 2010a, b; Holmes and Ross, 2011) are 
consistent with these findings, with principally Na and HCO3 dominated waters occurring in 
regional methane production observation wells that show increasing alkalinity, salinity and 
Cl content with depth. 
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Dissolved gas layering in groundwater 
Decomposition of organic materials in the near-surface environment follows a redox 
process that generates a unique sequence of dissolved gas layers in groundwater in some 
basins (e.g. Whiticar and Faber, 1986; Jorgensen, 1989; Korom, 1992; Lovley and 
Chapelle, 1995, Park et al. 2006). The process starts with the oxidation of organic matter 
producing CO2 and nitrates NO3. This layer is then subjected to denitrification, which is the 
conversion of nitrates (from weathered layers) to N2 gas (Korom, 1992; Lovley and 
Chapelle, 1995; Fortuin and Willemsen, 2005). The N2 does not have a very high affinity 
with water (Runnells, 1993; Fortuin and Willemsen, 2005) and is often reduced further as 
part of the iron and sulphate reducing processes on the way to CO2 generation and 
methanogenesis as part of acetate fermentation (Chapelle et al., 1993; Lovley and 
Chapelle, 1995; Christensen et al., 2000; Pitkanen and Partamies, 2007; Brinck et al., 
2008). Acetate fermentation produces small volumes of gas from methanogenesis, 
particularly at shallow depths where the gases often escape or are dissolved and carried 
away by regional water flows (Rice and Claypool, 1981; Schoell, 1988; Rice, 1993; Park et 
al., 2006; Flores et al., 2008). Further, due to partial pressures, it is possible for these 
gases to create ‘over-pressured’ conditions at very shallow depth (e.g. first tens of metres 
of the subsurface), producing excess nitrogen and argon levels that report up to 136% and 
62% of that found in air, respectively (Fortuin and Willemsen, 2005). The documented 
typical vertical dissolved gas profile in groundwaters is shown in Figure 4 and Figure 5 
(e.g. Figure 1 in Korom, 1992; Figures 3 and 4 in Lovley and Chapelle, 1995; figure on p 
17 in Downing, 1998; Figure 1 and 2 in Christensen et al., 2000; Table 3 in Park et al., 
2006; Figure 1 in Brinck et al., 2008). This is very similar to the reported coal seam gas 
sequence in shallow coal deposits in the northern Sydney Basin region (see Chapter 4 – 
Paper 1).  
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Figure 4. Dissolved gas series development with depth and/or distance from recharge areas in 
groundwater (UK Groundwater Forum, http://www.groundwateruk.org/Image-Gallery.aspx ) 
 
Figure 5. Series of gas generation cycles in groundwater as part of the acetate fermentation process 
(Korom, 1992).  
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Gas solubility is affected by pressure, temperature and salinity changes, and these are 
different for different gas types (e. g. Barker, 1987; Fortuin and Willemsen, 2005). If partial 
pressures of gases in reservoirs reach dissolution point (i.e. become greater than the fluid 
pressure), the gas is liberated (e. g. Barker, 1987). In general, solubility of gases 
decreases with increasing salinity and temperature, and with decreasing pressure (Barker, 
1987; Pashin and McIntyre, 2003). Additionally, gas compressibility is also a significant 
factor in determining which gases are further eliminated from the reservoir and / or 
adsorbed on to coal surfaces (e.g. Fortuin and Willemsen, 2005). 
In situ stress 
Groundwater flow is facilitated by permeability. Permeability in coals is closely related to 
their inherent fractured nature and is controlled by effective horizontal stress magnitude 
(e.g. Gray, 1987, McKee et al., 1988; Bocking and Weber, 1993; Enever, 1994a; Sparks et 
al., 1995; Jeffrey et al., 1997; Enever and Henning, 1997). Harpalani and Chen (1992) 
demonstrated that coal volume decreases in response to gas desorption (i.e. reduction in 
pressure) and this coal shrinkage causes the cleat aperture to dilate resulting enhanced 
permeability where the effective stress is less than the pore pressure keeping the cleats 
open. Other studies also reported increased permeability with reducing reservoir pressure 
during production (e.g. Tao et al., 2012).  
Effective stress is the total stress acting on the rock mass minus the pore pressure exerted 
by pore fluids (Zang and Stephansson, 2010; Zoback, 2010). Three principal stresses act 
on the rock mass, and these are generally modelled as one vertical (Sv) and two 
horizontal [maximum (SH) and minimum (Sh)] stresses (Peng, 2007; Zang and 
Stephansson, 2010; Zoback, 2010). Vertical stress is derived by assuming that it 
originates from the weight of the overburden strata, and it is calculated from the density (ρ) 
and thickness (h) of the overlying rock mass and the gravity term (g):  
Sv ൌ ρhg           Eq.1 
To derive horizontal stress magnitudes, models generally assume that rocks behave 
elastically, and depending on the level of detail, a uniaxial or a biaxial approach is taken 
(Katahara, 1996; Zang and Stephansson, 2010; Zoback, 2010). The uniaxial approach 
assumes that (equal) horizontal stresses are generated by the vertical stress and the 
elastic properties of the overlying rocks.  
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SሺH	or	hሻ ൌ ௩ଵି௩ Sv          Eq. 2 
where ν is the Poisson’s ratio. 
In the biaxial model, the uniaxial method is expanded to include a tectonic strain term, 
representing far-field tectonic forces. Thus, Eq. 1 is expanded 
SH ൌ ௩ଵି௩ Sv ൅
ா
ଵି௩మ ሺݒεh ൅ εHሻ        Eq. 3 
Sh ൌ ௩ଵି௩ Sv ൅
ா
ଵି௩మ ሺݒεH ൅ εhሻ        Eq. 4 
where E is the Young’s modulus, and ε is the tectonic strain in the minimum and maximum 
horizontal stress directions. This assumption is in line with observations that horizontal 
stress magnitudes are related to rock properties such as elastic moduli (Enever and Lee, 
2000; Dolinar, 2003; Gray, 2011) which determine the stress that is carried by different 
rock types in an interbedded sedimentary sequence (Enever and Lee, 2000; Gray, 2011; 
Gray et al., 2013). 
The relative magnitudes of the three principal stresses determine the dominant tectonic 
regime affecting the rock mass. The Anderson fault classification describes the 
characteristics of the three main stress regimes (Anderson, 1905; Zang and Stephansson, 
2010; Zoback, 2010; Meng et al., 2011; Flottman et al., 2013): 
 normal: Sv > SH > Sh 
 strike – slip: SH > Sv > Sh 
 thrust or reverse: SH > Sh > Sv 
Generally, an overall tectonic regime dominates a region as a whole, but parts of the 
subsurface may experience contrasting forces acting on them where stress discontinuities 
(Stephansson, 1993) develop as stress is redistributed in some areas but not others (Bell, 
1996). These differences are mainly controlled by rock strength (e.g. elastic moduli) 
(Enever et al., 2000; Dolinar, 2003; Zoback, 2010), and are also considered in terms of 
stress anisotropy, with low stress anisotropy referring to two principal stresses becoming 
similar in magnitude (upon stress transfer from a more dominant to a less dominant stress 
component) (Bell, 1996; Enever et al., 2000; Yale, 2003). For example, stress fields in the 
Bowen and Surat Basins of QLD, Australia, exhibit a reverse tectonic regime in strata 
down to 400m depth, below which strike-slip conditions prevail (Brooke-Barnett et al., 
2012; Flottman et al., 2013). In some boreholes, a further stress zone is apparent below 
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900m depth. This vertical zonation in the different areas significantly impact on the 
direction and style of hydraulic fracture propagation (Flottman et al., 2013). 
Stress zones 
According to Bell (1996, 2006) detachment surfaces are commonly a response to varied 
tectonic developments in a region. The various detached sections of the strata not only 
show different differential horizontal stress magnitudes, but also principal horizontal stress 
(PHS) directions. This is because as SH and Sh magnitude ‘equalise’ (or become closer to 
each other in magnitude) upon stress release (e.g. faulting), the original SH can become 
the ‘new’ Sh and vice versa; resulting in a ‘switch’ in the principal horizontal stress (SH) 
orientation. This switch normally occurs 90 degrees to the original PHS, indicating that the 
SH has become the Sh (Enever et al., 2000; Yale, 2003; Bell, 2006). Since the differential 
horizontal stress magnitude and the PHS orientations are closely related, the former can 
be used where the latter type of data is not available for analysis (or vice versa). In this 
manner, stress discontinuities (Stephansson, 1993) may be identified within the 
subsurface and mapped across regions. Stress zonations with depth have been observed 
in some areas (e.g. Sydney Basin - Enever and Clark, 1997; Surat Basin - Brooke-Barnett 
et al., 2012). Cleat domain mapping by Kulander and Dean (1993) in West Virginia also 
alluded to the existence of these zones in the vertical profile; they noted that some 
sections of strata with depth continue to retain the ‘cleat-domain characteristics, whereas 
other sections below these showed different trends. They observed that the ‘cleat-
domains’ cross-cut different lithology types (and were not only restricted to  coals) and 
therefore, these were not linked to specific coal seams or formations in the sequence, but 
occurred in response to a much more regional tectonic influence.  
The influence of detachment surfaces in the context of hydrogeology and gas producibility 
was demonstrated by structural balancing and mapping in the Black Warrior Basin by 
Pashin and Groshong (1998). Their observations and related effects of more local 
geological settings are addressed in the next section.  
  
The effect of geology and stress on gas distribution 
In situ stresses are also known to change around local geological structures, particularly 
folds and faults, and other features that can limit or enhance fluid and gas flow such as 
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dykes (Creech, 1992; Pashin and Groshong, 1998; Scott, 2002). Fold structures have 
been documented to have lower stresses (tension) in the axes, and higher stress 
magnitudes (compressions) in the flanks of the structures (Teufel et al., 1991; Dawson, 
1999; Strout and Tjelta, 2005). Similarly, large faults can affect stress fields both in terms 
of magnitudes and orientation (Bell, 2006; Kang et al., 2011; Gray et al., 2013), and 
footwalls of thrust faults have been linked to incidents of gas outbursts in underground coal 
mines (Cao et al., 2011) which are strongly correlated with large pressure gradient 
changes (and subsequent alteration of coal properties) induced by mining activities (Kang 
et al., 2011; Cao et al., 2011; An et al., 2013). Nevertheless, the underlying regional 
tectonic conditions remain (e.g. Bell, 2006). 
Changes in coal seam geometry also affect stress magnitudes, with thinner coal seams 
showing higher relative stress magnitudes (Enever et al., 1999) and in thick coals, the 
middle of the units reporting the lowest stresses (Jeffrey et al., 1997). Sandstone channels 
(e.g. as roof or floor strata) are well known to affect stress regimes in underground coal 
mines, and these effects are due to the different mechanical properties of the individual 
strata layers (Bell, 1996; Enever et al., 2000; Dolinar, 2003; Gray, 2011). For example, 
where a hard body is surrounded by softer materials (e.g. sandstone channel), the 
principal horizontal stress with be deflected to travel around (i.e. parallel to) the body (Bell, 
1996). Conversely, where a softer material exists within a more competent strata section 
(e.g. mylonitic zone), the PHS will be aligned perpendicular to this localised feature (Bell, 
1996). Resultantly, local stress (pressure) perturbations can affect gas concentrations in 
the vicinity of geological features, and higher stresses can result in higher gas contents 
unless they serve to isolate reservoir areas from, for example, methanogen bearing 
meteoric recharge. Examples of such specific hydrodynamic conditions are discussed in 
Pashin and Groshong, 1998; Scott, 2002 and Pashin, 2007, and summarised in Figure 6 
below (from Pashin and Groshong, 1998). 
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Figure 6. Schematic illustration of the effects of stress-related hydrodynamic settings on gas 
accumulations (Pashin and Groshong, 1998). 
 
Gas accumulations can be affected by hydrodynamic fluctuations (Ellard et al., 1992; Scott 
et al., 1994; Pashin and Groshong, 1998; Pashin, 1998; Scott, 2002; Pashin, 2007) and 
the importance of sealing and conducive faults, dykes and other impermeable features are 
well-known (e.g. Pashin and Groshong, 1998; Lamarre, 2003; Bell, 2006; Groshong et al., 
2009; Jiang et al., 2009; Pinetown, 2010). Coal seams in footwalls of thrust faults and 
syncline axes have been shown to have up to 50% higher adsorbed gas contents in the 
northern Sydney Basin (Burra and Esterle, 2012), and to be more productive parts of some 
coal seam gas fields (Pashin and Groshong, 1998; Draper and Boreham, 2006; Song et 
al., 2012). As Pashin (2007) noted, “characterising the relationships between geologic 
structure and the regional hydrogeological framework appears to be an essential step in 
the exploration and development of coalbed gas resources” (p 2269).  
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Temperature 
Heat flow in the Earth’s crust 
Heat in the Earth’s crust is generated below the lithosphere (Schoeppel and Gilarranz, 
1966; Hill, 1990) and temperature tends to cool towards the surface (Schoeppel and 
Gilarranz, 1966; Serra, 1984; Hill, 1990; Prensky, 1992). The heat flow is disturbed locally 
and regionally by a number of crustal processes such as the presence and interaction of 
magmatic plumes or radiogenic granites (e.g. Facer et al., 1980) and groundwater or other 
fluid movement (e.g. Jessop and Majorowicz, 1994; Sibson, 1994; Anderson, 2005). 
According to Van Orstrand (1928), “the normal isogeothermal surface [of the Earth] is an 
oblate spheroid with the flattening at the poles of the earth. Deviations from the normal 
surfaces are produced by ocean floors, mountain ranges, differences in the thermal 
properties of the materials constituting the crust of the earth, inclination of strata, 
geological formations and structures, buried hills and anticlines, and phenomena involving 
a time sequence such as erosion, elevation, subsidence, intrusion, dynamical action, 
chemical action, metamorphism, and climatic changes” (p 498-499).   
Heat is distributed through the crust by two main processes: conduction and convection 
(also referred to as advection) (Bjorlykke, 1993; Jessop and Majorowicz, 1994; Grant and 
Bixley, 2011). Conduction is heat transfer via ‘direct’ interaction of two bodies’ particles, 
whereas convection occurs via a fluid medium such as water or gas. Near the surface (e.g. 
less than ~1-2 km depth), heat transport mainly occurs via fluid flow in rock pores and 
fractures (e.g. Bodri and Rybach, 1998; Anderson, 2005; Kohl et al., 2005; Nagihara, 
2010). In the deeper crust, conduction is the main transfer system where the heat source 
may derive from large granitic bodies, crystalline basement or overburden mass (Facer et 
al., 1980; Jessop, 1989; Danis, 2014).  
According to Deming (1989), “the most important drivers for fluid flow in the continental 
crust are topography gradients, sediment compaction and diagenesis, and buoyancy 
forces” (p 27) as well as “fluid-density gradients” (p 27). These observations are supported 
by other researchers (e.g. Jessop, 1989; Bodri and Rybach, 1998; Anderson, 2005; Saar, 
2010).  
At a simplistic level, heat flow in shallow part of foreland basins commonly occurs via 
convection through groundwater recharge in elevated highland areas and discharge 
towards the lowlands (Jessop and Majorowicz, 1989). Foreland basins are geologically 
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mature features having experienced periods of uplift and erosion and are resultantly 
relatively underpressured and cooler than younger and still subsiding basins undergoing 
compaction and associated overpressuring (Pashin and McIntyre, 2003; Gurevich et al., 
1994). Nevertheless, more recent research suggests that deeper strata may experience 
overpressure from hydrocarbon generation (e.g. Appalachian and Anadarko basins) (J. 
Pashin, 2015, pers. comm.). Younger basins are typically associated with higher heat 
flows, both as a result of compaction (conduction) and strong aquifer drive originating from 
heat produced by overpressured sediments at depth (Bjorlykke, 1993; Gurevich et al., 
1994).  
Thermal conductivity and heat flow 
Heat flow is calculated from the product of the thermal conductivity of the rock unit and the 
thermal (temperature) gradient at that interval (Eq. 5) (Prensky, 1992; Rider, 2002).  
Q ൌ ܭ ௗ௧ௗ௭          Eq. 5 
where Q is heat flow, K is thermal conductivity, and ௗ௧ௗ௭ is the thermal gradient. 
Heat can be measured in a number of ways, most commonly via continual temperature 
measurements in boreholes (i.e. temperature log) or spot measurements as part of the 
various sub-surface exploration or production testing procedures (e.g. bottom-hole 
temperatures; BHT) (Serra, 1984; Prensky, 1992; Pashin and McIntyre, 2003). More 
recently, real-time (and temporal) monitoring of temperature changes in the subsurface 
has become available via optic fibre technology (e.g. Pienaar et al., 2010). Heat flow 
potential of rocks can also be measured under laboratory conditions – most commonly 
whilst immersed in fluids to limit the heat generation from other sources such as friction 
(Hill, 1990; Prensky, 1992). 
Thermal conductivity of rocks has a strong influence on the local geothermal gradient, 
resulting in variations in the thermal gradient (Serra, 1984; Hill, 1990; Prensky, 1992; 
Rider, 2002). Rider (2002) noted that “the real temperature gradient in a well is not a 
straight line but a series of gradients related to the thermal conductivities of the various 
strata, the gradient varying inversely to the thermal conductivity” (p 19). In general, the 
thermal conductivity of a rock increases with decreasing porosity (e.g. Schoeppel and 
Gilarranz, 1966; Hurter et al., 2007), but other parameters such as mineralogy and organic 
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content also play a role (Beck, 1976; Kayal and Christoffel, 1982; Cercone et al., 1996; 
Hurter et al., 2007). Beck (1976) speculated that thermal resistivity of coals increases (i.e. 
thermal conductivity decreases) with decreasing rank, and this was also reported by Kayal 
and Christoffel (1982) on Indian coals. Table 1 shows the thermal conductivities of various 
rock types, fluids and gases.  
Strong thermal conductors such as salt, sandstone and crystalline rocks are considered to 
have low thermal gradients (e.g. small temperature change over a thick strata interval), 
whereas weak conductors (i.e. thermal resistors) such as coals and carbonaceous shales 
exhibit high thermal gradients on a temperature log (e.g. large temperature change over a 
thin strata interval) (Serra, 1984; Mwenifumbo, 1989, 1993; Rider, 2002).  
Coal, in particular, has very low thermal conductivity [0.13-0.5 W/m°C (Cercone et al., 
1996; Herrin and Deming, 1996; Hurter et al., 2007; Eppelbaum et al., 2014)] and is 
considered an insulator of heat originating from strata above or below. Cercone et al., 
(1996) found that coals can have a retardation effect on heat fluxes in a basin and 
contribute as much as 10K increase in the temperature of affected strata. Figure 7 
demonstrates the ‘blanket’ effect of strata with low thermal conductivity such as coals. In 
this figure, the presence of a resistant layer (Layer 2) increases the temperature of the 
underlying strata (Layer 3) which results in the ‘steepening’ of the (blue) temperature 
gradient over the resistant rock unit (Layer 2). The overall thermal gradient of the affected 
underlying strata remains the same (i.e. the blue line matches the red line gradient in 
Layer 3), but the absolute temperature of that unit increases. In this manner, the heat in 
the deeper layer has been insulated by the thermal resistance or blanketing of the 
overlying Layer 2. 
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Table 1. Thermal conductivities of various rocktypes, fluids and gases. (Sources listed in right-hand 
column). 
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Figure 7. Effect of thermally resistant unit (Layer 2) in a strata sequence. Formation temperature 
plotted against depth shows thermal gradient is unchanged in Layer 3, but the temperature of that 
unit is increased. (Hurter et al., 2007). 
 
In addition to the inherent thermal properties of rocks, the steepening of the temperature 
gradient can be caused by the presence of water or gas in the rock pores. The thermal 
conductivity of water and gases are much lower than that of rock (Table 1) but they both 
have the effect of decreasing conductivity of host strata (Hurter et al., 2007). Conductivity 
of water is dependent on temperature and salinity (Bjorlykke, 1993), making interpretation 
of absolute temperature log values difficult. In other words, “the bulk thermal conductivity 
of a rock section determines the temperature gradient across it in the absence of 
significant fluid flow and other heat sources and sinks“ (Hurter et al., 2007, p 3).  
Interpretation of geothermal gradients and heat flow maps 
Temperature profiles, after thermal equilibration in the borehole (which can take between 
hours to months, depending on application (e.g. Mwenifumbo, 1989, 1993; Rider, 2002; 
Davis, 2012) but for most purposes, 2-3 days (Kayal and Christoffel, 1982; Hill, 1990; 
Davis, 2012)), exhibit a series of gradients changes with depth. Interpretation of these 
gradients can be qualitative or quantitative, and their ultimate end use determines the 
required level of precision and accuracy of the temperature measurements. Qualitative 
assessment includes the analysis of the steepness or curvature of the gradient between 
intervals of strata and does not require high precision as the relative temperature change 
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between units is of interest (e.g. Rider, 2002; Saar, 2010). On the other hand, quantitative 
uses where the absolute temperature is required for application of data into equations, for 
example for prediction of heat and fluid flow or permeability (Anderson, 2005; Grant and 
Bixley, 2011), require more precise measurement methods or equipment.  
For the purposes of qualitative interpretations, thermal gradients are analysed with respect 
to temperature deviation from the ideal, linear geothermal gradient. Low thermal gradients 
are indicative of thermally resistant units, and conversely, high temperature gradients 
represent higher permeability or heat conductivity (e.g. aquifers with convective flow). In 
terms of curvature (deviation from the linear geothermal gradient), concave temperature 
curves show meteoric water recharge, whilst convex patterns indicate influx of 
groundwater (or formation water) into the borehole from the strata.  
Examples of these phenomena are shown in Figure 9 to Figure 12. Figure 9 illustrates the 
concave/convex recharge/discharge patterns. According to hydrological conventions, 
Anderson (2005) refers to depths greater than 10m as the ‘geothermal zone’ which is 
considered shallow in the geological context. In fact, discussions of ‘depth’ in the various 
geoscience literature must be treated with caution as they tend to be specific to the 
particular phenomena being discussed in the various paper, not necessarily to relative 
depth. For example, in hydrogeology, 10-200m depth is considered ‘deep’ (e.g. Anderson, 
2005; Danis, 2014) whereas in oilfield or tectonic studies depths under ~1750m are 
considered to be ‘shallow’ (e.g. Davis, 2012; Nagihara, 2010).  
Following on from the typical temperature profiles depicted in Figure 9, Figure 10 further 
illustrates heat flow trends that can be derived from these patterns. In parts a and b of this 
figure, an ideal geothermal profile and corresponding model for the heat flow between two 
points are shown where there is no temperature disturbance. In Parts c and d of the same 
figure, recharge and discharge areas are indicated, similar to Figure 9, which are further 
refined by the effects of surface heating that can occur in some areas or seasons (parts e 
and f). Hurter et al. (2007) take these concepts and apply them to fracture and flow 
direction identification within boreholes (Figure 11). In these series of typical profiles, heat 
and water flow are indicated on the figures and the accompanying temperature log 
response and differential temperature signals are also shown. Finally, Ricard et al. (2011) 
demonstrate how the temperature log patterns can be combined to interpret dominant heat 
flow types throughout the strata profile (Figure 12). Figure 12 shows the most common 
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types of heat transport mechanisms operating in the subsurface, and relates these back to 
hydrogeological environments observed in the strata.  
These interpretations must be made in context of the geological setting. For example, 
Grant and Bixley (2011) described two reservoirs from Italy exhibiting similar thermal 
gradients that appeared to be isolated by a low permeability layer on the temperature log; 
however, pressure data showed that the units were in hydraulic communication (Figure 8).  
.  
Figure 8. Elevation-Temperature and pressure profiles depicting two apparently isolated reservoirs 
with similar temperature gradients that are in hydraulic communication, as shown by the pressure 
data (Grant and Bixley, 2011).  
 
Absolute temperatures or geothermal gradients can be mapped spatially and contoured for 
analysis (e.g. Pashin and McIntyre, 2003; Saar, 2010). Rider (2002) suggests mapping 
isotherms (lines of constant temperature), or conversely, temperature at a particular 
horizons such as total depth of boreholes (i.e. bottom-hole temperature; BHT) or specific 
target formations (e.g. Davis, 2012).   
In general, qualitative analysis focusses on the type and relative amount of pattern of 
deviation from the ideal geothermal gradient. In quantitative uses of temperature logs, 
absolute temperatures are of interest and this may require the calibration of temperature 
logging equipment to higher precision than is otherwise sufficient for geothermal studies. 
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Indeed, Saar (2010) noted that “the precise relative variation of temperature with depth is 
most important, the absolute accuracy of the sensors is less so” (p 35), and these 
sentiments are echoed by Pienaar et al. (2010) who stated that “absolute temperature is of 
little use but that the values of small changes in temperature from meter to meter … (are) 
important” (p 24). Nevertheless, studies that attempt to model the precise heat flow and or 
permeability derived from water flow observations from temperature logs (e.g. Anderson, 
2005; Barrett et al., 2012; Davis, 2012) require more precise measurements obtained by 
the lengthy equilibration of testing wells (e.g. Rider, 2002) or the correction of temperature 
data by one of many available methods such as the Horner plot (Horner, 1951), various 
correction procedures discussed by Deming (1989) and Facer (1991) or some of the more 
recently utilised modelling techniques (e.g. Rider, 2002).     
 
Figure 9. Idealised temperature curves with depth demonstrating patterns representative of 
groundwater recharge (influx/inflow) and discharge (outflow) within a borehole (Anderson, 2005). 
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Figure 10. Schematic diagrams of temperature gradients affected by groundwater flow and surface 
warming. Parts a and b depict an undisturbed system where the geothermal gradient is linear and the 
modelled iso-lines between two points are parallel. Parts c and d show groundwater recharge and 
discharge, and parts e and f depict the effect of surface warming on the thermal gradient. (Taniguchi 
et al., 1999). 
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Figure 11. Schematic illustration of temperature log anomalies and corresponding interpretations. 
Part a: groundwater recharge (downward circulation); Part b: groundwater discharge (upward 
circulation); Part c: location of fracture is indicated by arrow where formation water enters into well; 
Part d: water flow along bedding planes in adjacent layers. (Hurter et al., 2007). 
 
 
Figure 12. Typical temperature log features and their corresponding hydrogeological and heat flow 
interpretations. Temperature log can only be taken in water; therefore no data exist for strata above 
the water table (Ricard et al., 2011). 
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 Application of temperature and heat flow data 
Temperature logs provide a wealth of information on the subsurface. In general, uses of 
temperature information can be grouped into four main categories (Prensky, 1992) related 
to the following fields of studies or investigation [also detailed by Serra (1984) and Hill 
(1990)]:  
1. Fluid and heat flow – e.g. basin hydrodynamics, detection of over-pressuring, 
aquifer potential, identification of fractures, stratigraphic correlation; 
2. Exothermic reactions – e.g. cement / mineral oxidation; 
3. Thermal maturation – hydrocarbon exploration, geothermal studies; and 
4. Changes in temperature over time – e.g. palaeo-climatology, injection or production 
well monitoring, well-completion. 
In this thesis, basin mapping applications are of foremost interest and these comprise the 
remainder of the literature review.   
Basin mapping and heat flow analysis 
Convection is a principal heat transport mechanism in the upper continental crust and is 
facilitated by groundwater movement in rock pores and fractures (e.g. Deming, 1989). 
Migration occurs both laterally and vertically according to the geothermal gradients in 
these directions, although crystalline basins may only exhibit lateral heat flow (Jessop, 
1989). Within an American sedimentary basin, Cercone et al. (1996) found that thermal 
conductivity of clastic rocks is isotropic (i.e. equally conductive laterally and horizontally), 
however, coals were significantly more biased towards lateral heat conduction, with 
horizontal conductivity more than twice the vertical conductivity. 
The most practical way of mapping heat flow is to examine temperature or thermal 
gradient characteristics of basins. Temperature gradient maps plotted at particular 
horizons in the subsurface can potentially identify dominant flow channels or temperature 
anomalies related to local or regional features. Gradient maps can be prepared for target 
formation horizons such as coal seams (Pashin and McIntyre, 2003) and aquifers (Kohl et 
al., 2005), or at arbitrary depth slices (e.g. Jessop, 1989; Kohl et al., 2005; Nagihara, 
2010). Jessop (1989) noted that it is possible to observe differential heat flow trends above 
and below sedimentary horizons such as unconformities or particular depth horizons. In 
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other applications, absolute temperature of host formations or bottom hole horizons can 
also be revealing (e.g. Pashin and McIntyre, 2003; Davis, 2012).  
In general, it has been observed that topographical features exert a large influence on 
advection hosted heat flow, and this culminates in lower thermal gradients being 
associated with mountainous or elevated regions whereas higher thermal gradients 
represent valleys or lowland areas such as rivers or coastal regions where groundwater 
discharge occurs (e.g. Jessop, 1989; Bodri and Rybach, 1998; Anderson, 2005). 
Alternately, discharge may occur at basin margins distal to the principal recharge areas as 
groundwater flows towards discharge areas with lower hydrostatic pressures. This results 
in ‘upward’ flow at the distal basin margin region (Figure 13) (e.g. Deming, 1994). 
 
Figure 13. Schematic illustration of an idealised groundwater flow regime in a North American basin. 
Downward flowing recharge along topographic highs migrate along bedding and basement structure 
and up-well in distal hydrostatically less confined regions (Deming, 1994).  
 
This style of analysis is useful in identifying regional heat flow trends, but can also locate 
disturbances in the regimes due to geological or other features such as salinity gradients.  
Nagihara (2010) used thermal gradient mapping at various depth horizons to identify an 
influx of deep, heated groundwater flow along a regional fault zone in Texas. The 140°C 
isotherm map shows an anomaly along a ‘ridge’ that coincides with the Corsair Fault. In 
light of similar anomalies reported along other faults in that region, it was concluded that 
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these represented “conduits for hot fluids expelled from deep, overpressured sediments” 
(p 923).  
A similar method was used to show the removal of significant volumes of groundwater 
from the Cainozoic section of the Gippsland Basin in Victoria, Australia, which shows 
suppressed levels of thermal gradients in the target formation in the vicinity of coastal 
regions (Harrison et al., 2012). In this area, heat flow progressed from onshore to offshore 
areas, representing groundwater discharge into the sea in the east. In a similar 
geographical but converse hydrological setting, thermal gradient analysis was also used to 
investigate the extent of salt-water intrusion into a coastal basin aquifer (Taniguchi, 2000). 
This method delineated the depth in each borehole where the geothermal gradient 
changed from the shallow convex form to the background (predominant) geothermal trend 
(Figure 14). Upon the correlation of these data points, it is evident that the depth to the 
fresh to salt-water interface decreases towards the sea, indicating increasing seawater 
intrusion in coastal areas.    
 
Figure 14. Schematic illustration of the use of temperature logs to delineate the fresh-salt water 
interface to determine the extent of sea water intrusion in a coastal basin (Taniguchi, 2000). 
 
Temperature and coal seam gas 
Geothermal history of a region is of particular interest for studies on coalification where 
increasing overburden cover and associated increase in temperature serve as the driving 
force coal maturation processes (e.g. Middleton and Schmidt, 1982; Cercone et al., 1996). 
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Thermal maturity, or rank, of coals is related to their gas sorption capacity (e.g. Crosdale 
et al., 2008); in general, higher rank coals are able to hold larger volumes of gases. 
Temperature is also an important facilitator of gas sorption; increasing temperature limiting 
the volume of gas that can be adsorbed in the coal (Crosdale et al., 2008; Zhang et al., 
2011).   
Temperature changes in gas production wells can also highlight water and gas flow due to 
the Joule-Thomson effect, where a change in temperature corresponds with a change in 
gas volume. A drop in temperature can signal gas desorption from a coal seam, whereas 
an increase in temperature can indicate fluid or gas flow; the greater the temperature 
increases, the faster the flow (e.g. Hill, 1990; Saar, 2010; Pienaar et al., 2010; Grant and 
Bixley, 2011). This is also known as adiabatic process, and can affect gas reservoirs over 
their production lifetime due to pressure drawdown and the associated expansion of 
remaining gas which results in the cooling of overall reservoir temperature (J. Pashin, 
2015, pers. comm.). 
Real-time monitoring of temperature in a horizontal gas production well using continuous 
fibre optics technology showed that the location of gas desorption,  as indicated by a 
temperature drop and validated by the gas flow meter, can be pin-pointed in the 
subsurface  (Pienaar et al., 2010). Similarly, water flow along this borehole was also 
evident, with temperature increasing simultaneously with the signals on the pump motor 
activity log. Overall, when the pump was running, temperature increased in nearby strata 
and hydraulic head of water decreased, leading to gas desorption in some parts of the 
borehole which in turn were accompanied by reductions in temperature along those 
sections. Undulations in the seam geometry meant that pockets of low-lying sections 
collected water and showed higher temperatures than higher elevation “seam rolls” which 
hosted dry coals with markedly lower temperatures highlighting gas desorption locations.   
Therefore, temperature is an important factor in gas sorption activities. It plays a critical 
role in determining the overall gas holding capacity of coals, and it can also be used as a 
tool in identifying and monitoring gas sorption activities in gas production, injection or 
observation wells.   
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Sydney Basin 
Geological Setting 
The Sydney Basin is a Permo-Triassic coal-bearing sedimentary basin located along the 
eastern seaboard of Australia (Figure 15). It is a south-easterly trending, asymmetric 
trough between the remnants of the New England and Lachlan Fold Belts, in the northeast 
and southwest, respectively. The basin geometry is narrow in the north and inland areas, 
and widens as it extends offshore in the east. Basin margins are defined by a series of 
monoclines that are present downdip of regional highlands from the remnant orogens, 
resulting in the regional bedding dip following the outline of the basin towards central and 
eastern areas out to sea (Figure 15 and Figure 16). The Sydney Basin is formally divided 
into 4 main coalfields: the Newcastle, Hunter, Western, and Southern Coalfields (Coalfield 
Geology Council of NSW) (Figure 17).  
Permian sediments were deposited during a foreland loading episode in the northeast, 
consisting of cycles of marine and terrestrial sedimentation, including coal bearing fluvial to 
subtidal sequences (Table 2). The three main coal-bearing sequences in the basin are the 
Early Permian Greta Coal Measures and the Newcastle and Wittingham Coal Measures of 
the Late Permian Singleton Supergroup (Table 2). These sections are separated by 
marine sandstone and siltstone deposits, and extensive volcanics are present between the 
base of the Greta Coal Measures and the basement (Figure 18). Due to the geometry of 
the host basin, the older sediments are not always present throughout the basin, and units 
such as the Greta Coal Measures were only deposited in the deepest, central and northern 
areas of the basin. The Permian deposits are overlain by Triassic clastic sediments that 
are the dominant strata in much of the central part of the basin (Figure 18). This thesis 
principally focuses on the coal-bearing Late Permian Singleton Group (Table 2 and Figure 
19).  
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Figure 15. Sydney Basin location map showing the key structural elements (modified from Memarian 
and Fergusson, 2003). 
 
Figure 16. West to East cross-section across the Sydney Basin (Bembrick and Lonergan, 1976 in 
Blevin et al., 2007; modified from Blevin et al., 2007). 
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Figure 17. Location map of the four coalfields of Sydney Basin, NSW. (Modified from 
http://www.resourcesandenergy.nsw.gov.au/landholders-and-community/geoscience-for-
landholders/coalfields to depict the coalfields as described by the Standing Committee on Coalfield 
Geology of NSW.   
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Table 2. Stratigraphy of the Sydney basin, including nomenclature used in the various regions 
(Herbert, 1980; Scott and Hamilton, 2006; Pinetown, 2014). Green cells show coal-bearing sequences. 
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Figure 18. 3D model view of the Sydney Basin sediments showing the geometry of the basin with the Late Permian coal-bearing sequence overlain by 
the Triassic Narrabeen Group and Hawkesbury sandstone (Douglass and Kelly, 2012).  
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Figure 19. Stratigraphy of the coal-bearing Late Permian Singleton Supergroup (modified from Sniffin and Beckett, 1995; Agnew et al., 1995; Creech et 
al., 2004). Age of formations increases from left to right. 
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The Singleton Supergroup includes the two principal coal measure sequences mined in 
the Sydney Basin – the Newcastle and Wittingham Coal Measures (and the equivalent, but 
less developed) Illawarra Coal Measures in the Southern and Western Coalfields (Figure 
19). The Newcastle and Wittingham Coal measures are separated by the marine Waratah 
Sandstone and Denman Formation. The Wittingham Coal Measures are further divided 
into the Jerrys Plains and Vane Subgroups, separated by the Archerfield Sandstone. The 
coal-bearing sequences represent a series of upper and lower deltaic sedimentary facies, 
comprising of coal, carbonaceous mudstones, siltstones, sandstones and conglomerates. 
The sequence is further punctuated by numerous volcanic tuff bands (particularly in the 
Newcastle Coal Measures) that are used as marker horizons for regional correlation. Due 
to the fluvial origins, the coal seams exhibit frequent splitting and merging within the 
various formations accommodating meandering sandstone channel deposits (which 
sometimes contain conglomerate units) throughout the basin. The effect of the high level 
of interconnectedness between formations may contribute to increased permeability to gas 
and water within the subsurface.  
Regional syndepositional and postdepositional tectonics resulted in the burial of the 
sediments up to 2-3 km in depth at the time of maximum depth of cover in the early 
Cretaceous (Faiz et al., 2007a; Jaworska et al., 2010) (Figure 20). Coal rank information 
suggests that the southern part of the basin experienced deeper burial than the north, 
resulting in much higher coal ranks than in the north (Figure 21). In general, coal rank in 
the basin is bituminous, with vitrinite reflectances ranging from 0.5 to >1.40% Ro, although 
values as high as 2.0% have been reported locally in the basin (Bocking and Weber, 
1993). Coals in the northern areas of the basin are lower in rank for the same depths than 
are those in the southern regions (Scott and Hamilton, 2006; Faiz et al., 2007a; Jaworska 
et al., 2010). In the central region, vitrinite reflectance can reach up to 1.0% at depths of 
around 500–800 m, which is comparable to the coal rank in the southern areas. However, 
when considering similar coal seam sequences (e.g. Newcastle Coal Measures), vitrinite 
reflectance can range from around 0.5–0.6% in the Upper Hunter region, 0.8–0.9% in the 
central Sydney Basin, and approach 1.1–1.2% (and up to 2.0%; Faiz et al., 2007a, b) in 
the southern Illawarra region. Figure 22 shows vitrinite reflectance data from some deep 
boreholes from the Hunter Coalfield, illustrating the overall increasing rank profile from 
north to the south. 
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Figure 20. Burial history model of the Sydney Basin (Faiz et al., 2007a). 
 
Figure 21. Coal rank map of the Sydney Basin (after Scott and Hamilton, 2006 and references cited 
therein). 
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Figure 22. Vitrinite reflectance vs depth from three boreholes in the Hunter Coalfield illustrating 
overall increasing rank profiles towards the south (modified from Pinetown, 2014).  
 
The rapid uplift of the basin in the Cenozoic (Tertiary) (Faiz et al., 2007a) resulted 
significant erosion, particularly in the north where the Vane Subgroup of the Singleton 
Supergroup is exposed at the surface level in the vicinity of the Hunter-Mooki Thrust Fault 
Belt. Further south in the central part of the basin, much of the younger sediments have 
been retained, including the fluvial Narrabeen Group (Table 2) that covers much of the 
central basin up to 1000m in depth (Figure 18).  
As a result, present day coal seam distributions are varied, with the oldest sediments 
exposed at surface level in the north and the youngest coal-bearing rocks being at depths 
of around 1000m in the central and southern parts of the basin. The Newcastle (and 
equivalent Illawarra) Coal Measures are present in most areas except in the north, and are 
extracted in the Newcastle, Illawarra and Western Coalfields in surface and shallow 
underground mines (Figure 17).  
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Syndepositional tectonism affected some Sydney Basin sediments which amplified various 
sedimentary features locally. These include thickening of coal seams and syndepositional 
faulting which led to differential depositional and subsidence rates observed in sediments 
in the vicinity of regional faults and basin margin monoclines (e.g. Figure 16). The main 
tectonic influence during the Permian–Triassic was the ENE–WSW compression 
associated with the Hunter-Bowen Orogeny that resulted in a north or northwest strike for 
many large-scale features in the Sydney Basin (Figure 15) (Healy et al., 2005; Blevin et 
al., 2007).  
The other key structural orientation of structural elements in the basin is the generally 
northeast strike of regional folds, normal faults and dykes. This is thought to be associated 
with development of the Tasman Rift during the Late Cretaceous and may have infilled 
pre-existing fault structures (e.g. Healy et al., 2005). The large-scale faults and dykes 
serve to compartmentalise the basin locally. A summary of key sedimentary and structural 
events in the Sydney Basin is shown in Table 3. 
Extensive Late Cretaceous intrusive igneous activity associated with the rapid uplift of the 
basin (Veevers, 2000 in Healy et al., 2005; Faiz et al., 2007a), emplaced widespread sills 
and dykes (e.g. Warbooke, 1981 in Creech, 1992; and OZCHRON data presented by 
Healy et al., 2005).  Uplift as part of the Tasman Rift continued into and levelled off in the 
Cenozoic, when volcanic activity again became wide spread, particularly in the 
northwestern and western parts of the region. This latter period of igneous activity resulted 
in further emplacement of dykes and diatremes, chiefly in the western, southern and 
eastern parts of the basin (e.g. Facer and Carr, 1979). Sydney Basin sediments have 
experienced limited uplift since the Cenozoic (Faiz et al., 2007a, figure 10); however, the 
eastern seaboard of Australia is currently undergoing a renewed compressional regime 
(Veevers, 2000; Hillis and Reynolds, 2003; Healy et al., 2005; Muller et al., 2012). 
The combination of the sedimentological and structural history of the basin provides the 
geometry and local compartmentalisation of the basin which forms the setting for the 
discussion of the gas distribution observed in the basin today, both original (thermogenic) 
and secondary (biogenic and inorganic) coal seam gas generation. Secondary gas 
generation is associated with meteoric influx and as a result, the large and spatially 
extensive monoclines near the basin edges [e.g. Mt Thorley, Lapstone and Nepean (and 
associated) monoclines; Figure 21] are of particular interest in this study, as are features 
that may form conduits or barriers to both gas and fluid migration.  
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Table 3. Key structural events in the Sydney Basin development (after Healy et al., 2005; Blevin et al., 2007; and additional sources listed in the right-
hand column). 
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Sydney Basin gas distribution models  
Mapping of gas distribution in the Sydney Basin began in the 1970s and 80s by 
underground coal mining companies testing for gas concentrations, to mitigate the risk of 
outburst for safer mining practices. Information from these pockets of locally well-sampled 
areas was supplemented by data from regional conventional and coal seam gas 
exploration. Early models looked mostly at thermogenic processes. Subsequently, carbon 
isotope analysis of coal seam gases by Smith et al. (1992) suggested that some of the 
gases in the Sydney Basin and elsewhere on the eastern seaboard of Australia may be of 
biogenic origin. Gas in the southern Sydney Basin is dominated by thermogenic methane 
with minor biogenic accumulations along outcrop areas (Faiz, 1993). Local accumulations 
of CO2 were also identified on anticlines and faults in the vicinity of igneous intrusions 
(Faiz, 1993; Faiz and Hutton, 1995; Faiz et al., 2003). Gaseous CO2 was principally 
interpreted as having migrated up dip from an igneous source and then trapped against 
impermeable layers on structural highs, a conventional gas migration and trapping 
mechanism (Faiz, 1993), although the potential for carbonate dissolution and 
reprecipitation was also considered (Faiz et al., 2007b).  
More widespread occurrences of CO2 were reported from the Hunter Coalfield (e.g. 
Pinetown et al., 2008; Thomson et al., 2008; Pinetown, 2010, 2014; Figure 7). Thomson et 
al. (2008) observed that CO2 concentrations in the Lower Hunter Coalfield were located in 
a consistent and continuous layer between the biogenic and thermogenic methane layers 
identified by Faiz (1993). They proposed that this deep, high gas content CO2 layer may 
have originated from regional Cenozoic volcanic activity and was transported into the 
subsurface by meteoric influx (as opposed to magmatic intrusions; Faiz, 1993). It was also 
noted that the various gas layers in the subsurface cross cut the regional dip of the strata 
in the Lower Hunter Coalfield (Figure 23).  
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Figure 23. Schematic illustration of apparent gas zonation cross-cutting stratigraphy and bedding dip 
in the Lower Hunter Coalfield (Thomson et al., 2008). 
 
Elsewhere, the spatial extents of different gas trends identified in the northern Sydney 
Basin region were investigated against structural domains delineated by Glenn and 
Beckett (1997) (Pinetown et al., 2008; Pinetown, 2010). These studies did not find a strong 
correlation between the domains and gas accumulations in those areas; although other 
research has shown that structural features can affect local gas distributions. Examples of 
locally higher-stress areas, such as thrust faults and syncline axes, have been observed to 
have gas content levels up to 50% higher than neighbouring areas (Burra and Esterle, 
2012).  
Gas accumulations in the Sydney Basin have been inferred to be effected by the 
hydrogeology of the region (Scott and Hamilton, 2006), particularly in the context of likely 
flow regimes, similar to those observed in various geological settings in the USA (Scott, 
2002). Topographic highs and lows, identified as areas of near-surface ‘divergent’ and 
‘convergent’ flows, respectively, provide important constraints for hydrodynamic trapping 
(or otherwise) of coal seam gas accumulations (Scott and Hamilton, 2006).  
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The significance of thermal history and coal rank on gas saturation and gas content has 
also been investigated (e.g. Faiz et al., 1992, 2007a; Laxminaranaya and Crosdale, 1999), 
and in some areas was found to be important factors in determining gas quantities located 
in coals. However, in a regional context, the lower rank coals in the northern and central 
parts of the basin host some of the highest gas contents in the basin (e.g. Thomson et al., 
2008; Pinetown, 2010), whereas the higher rank coals of the southern district hold 
generally more moderate concentrations of coal seam gases (e.g. Faiz, 1993).  
Overall, gas distribution in the Sydney Basin is variable both in the extent and types of gas 
accumulations present. It is apparent that both geological and hydrogeological factors 
exert strong influences on the development of the observed in situ coal seam gas 
distributions. 
Sydney Basin stress regime 
Permeability in coal seams is partially dependent on the prevailing principal horizontal 
stress orientation acting orthogonal to cleats or other discontinuities (e.g. Gray, 1987; 
McKee, 1988; Bell, 1996). Therefore the determination of present day stress regime in the 
Sydney Basin is important in the study of gas distribution and producibility. This is 
particularly important in the Sydney Basin because Eastern Australia is currently under a 
compressional tectonic regime (Veevers, 2000; Hillis and Reynolds, 2003; Zhao and 
Muller, 2001; Muller et al., 2012) which can have significant implications for permeability 
(to both gas and water) in the strata sequence.  
Cleat mapping in coals have shown that the palaeo-stress direction at the time of 
coalification was from the north-west, which later shifted toward the northeast by the 
Triassic (Scott and Hamilton, 2006). Present day stress orientation and magnitude is 
variable but is generally tends toward east-northeast (Enever and Clark, 1997; Scott and 
Hamilton, 2006) (Figure 24). Enever and Clark (1997) summarised the current conditions 
in four key observations (p 92-93); there is: 
1.  “a general swing in the stress field orientation from approximately ENE toward 
NNE” in the south of the basin,  
2. “a pronounced more northerly orientation along the eastern boundary” along the 
coastline, 
3. “a relatively more balanced” though somewhat inconsistent stress field in the west, 
and 
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4. “evidence of realignment of the stress field in the proximity to the Hunter Thrust 
system” (i.e. Hunter Mooki Thrust Belt – Figure 15). 
Figure 24 was compiled by a private contractor for the Department of Mineral Resources in 
the late 1990s from a series of stress magnitude and orientation measurements principally 
obtained using the overcoring method described by Enever (1993). This map was released 
at the ‘Newcastle Symposium on Advances in the Study of the Sydney Basin’ in 1997 but it 
was not accompanied by a full report detailing actual depth and locations of 
measurements (M. Bocking, 2014, pers. comm.). Nevertheless, much of the data has been 
presented in various papers since the 1990s (e.g. Enever et al., 1994a,b; Enever et al., 
1998; Hillis et al., 1999; Enever and Lee, 2000). The map was an attempt to consolidate 
available information on the stress regime in the Sydney Basin from public and private 
datasets at the time of its publication (M. Bocking, 2014, pers. comm.). Stress orientation 
symbols depict the principal horizontal stress orientation, and location of earthquake 
epicentres are also marked on the map. The stress ratio information was derived by 
dividing the measured minimum stress magnitudes with the calculated maximum and 
vertical stress magnitudes.  
Based on these observations, the regional stress field is thought to originate from far-field 
tectonic activity (including palaeo-tectonics) but experience perturbations locally due to 
vicinity to geological structures or in response to variable stiffness of rock strata in the 
inter-bedded sedimentary sequence (Enever and Clark, 1997). This, in turn, creates 
variability in permeability across the region and would also have affected the migration of 
gases throughout the basin evolution (Scott and Hamilton, 2006).  
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Figure 24. Stress map of the Sydney Basin, showing maximum stress magnitude and axes. (Map 
compiled by the NSW Department of Mineral Resources; Enever and Clark, 1997; reproduced from 
Jaworska, 2008). 
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Sydney Basin geothermal setting 
The Sydney Basin is a Permo-Triassic foreland basin comprising fluvial and marine 
sediments (Bembrick et al., 1980; Herbert, 1980). It underwent rapid uplift in the Tertiary 
(Faiz et al., 2003) and is experiencing renewed compressional tectonics since 6 Ma 
(Veevers, 2000). The rank distribution of the basin records higher rank coals in the south 
and coastal areas, and lower rank coals in the north, suggesting an uneven burial or 
unroofing history. In general, the southern part of the basin is considered to have had up to 
1.5km of strata eroded since uplift (Middleton and Schmidt, 1982).  
Heat flow in the basin is thought to have originated from deep-seated igneous and 
metamorphic basement rocks (Sass et al., 1976 in Facer et al., 1980), however, the 
influence of igneous intrusions are considered too minor for regional effects (Facer et al., 
1980; Middleton and Schmidt, 1982). Overlying sediment thickness is thought to be a more 
likely possibility for early heat source in the basin, or more specifically, the length of time 
interval while the basin experienced maximum burial (Middleton and Schmidt, 1982). 
Further, Facer et al. (1980) hypothesised that “rapid erosion of the basement prior to the 
deposition of the Permian rocks together with the presence of, at that time, relatively 
young granites may well have resulted in a very high temperature gradient being present 
immediately underlying the sediments, even if the thermal conductivity of granites is not 
very high.” (p13). However, they maintain that the overall thickness of strata sequence is 
the most likely heat source in the basin. “Coal rank shows a strong relation to the depth of 
cover and the depth to basement, but the duration of maximum cover could be a further 
influencing factor” (Facer et al., 1980; p15). 
The presence of significant thicknesses of coal and other carbonaceous rock types within 
sedimentary sequences may have contributed increased heat insulation in the 
Appalachian Basin, USA (Cercone et al., 1996). Indeed, a thermal gradient map based on 
50 bottom hole temperatures in the Sydney Basin (Jaworska, 2008) show areas of higher 
heat gradients in the Hunter Valley [40-50 mK/m (i.e. 40-50°C/km)] and a small section of 
the southern part of the basin which coincide with some of the thickest net coal sections in 
the Permian coal measures (Jaworska, 2008; Danis, 2014) (Figure 25). These areas do 
not host the thickest total strata in the basin, which is found in the central part of the basin 
that reported average to lower temperature gradients (Jaworska, 2008; Danis, 2014) 
(Figure 25). Alternately, the high thermal gradient locations may be related to groundwater 
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flow rates as both of these areas experience significant recharge off nearby highland areas 
(Scott and Hamilton, 2006) (Figure 26).  
 
Figure 25. Geothermal gradient map for the Sydney Basin (left) using Oz Temp bottom-hole 
temperature database (right) (Holgate and Gerner, 2010; Danis, 2014). Note that the hotter (yellow) 
region in the far south of the basin is a non-coal bearing, granite and meta-volcanic-rich region. The 
northern heat anomalies (yellow and red) represent the Hunter Valley (i.e. Hunter Coalfield) and the 
small heat anomaly (yellow/orange) near the coast is the southern part of the Southern Coalfields 
region.  
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Figure 26. “No flow” boundaries in the Sydney basin, indicated by red and blue dashed lines, derived 
by Scott and Hamilton (2006) from topographic and precipitation data. No flow boundary lines 
illustrate the overall enclosed nature of the Sydney Basin, surrounded by highlands in the north, 
west and south and draining towards the centre of the region and discharging into the Pacific Ocean 
in the east.  
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More recent hydrogeological work in the shallower parts of the basin (i.e. 0-200m depth) 
targeting the coal-barren Hawkesbury Sandstone and Narrabeen Group found that 
conduction is likely the principal driving mechanism of heat transport in the Hawkesbury 
Sandstone, and advection accounts for minimal influence (Danis, 2014). Conversely, the 
Narrabeen Group sediments hosted younger groundwater than those sampled from the 
Hawkesbury Sandstone (Danis, 2014), indicating lateral movement of groundwater or 
infiltration via vertical fractures that could result in more localised meteoric influx. 
According to Danis (2014), this is reiterated by the steep temperature gradient across the 
Hawkesbury Sandstone when compared to other strata. Nevertheless, she concedes that 
other aquifers in the Sydney basin are thin and hydraulically connected; it is unlikely that 
all heat flow in the basin is due to pure conduction. This latter observation is consistent 
with earlier work in the Hawkesbury Sandstone which showed by tritium dating that the 
groundwater age in the basin increases from west to east, representing a groundwater 
regime that originates in the western highland recharge areas and travels and discharges 
towards the low-lying coastal areas in the east (Hawkes and Ross, 2008). Temperature 
data from 50 boreholes in Sydney basin from the OzTemp data base (Holgate and Gerner, 
2010) illustrates that the level of meteoric influx into the basin reaches 800-1200m depths 
where the thermal gradient increases into the geothermal regions of the crust (Figure 27). 
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Figure 27. Temperature data vs depth data from the Sydney Basin, as subset of the OzTemp 
database (after Holgate and Gerner, 2010). 
 
Hydrochemistry in the Sydney Basin 
Kellett et al. (1989) mapped the hydrogeological provinces from in the Upper and Central 
Hunter Valley areas and developed a close relationship between geochemistry and 
geology (lithology) that provided a fingerprint for water origins and migration pathways. In 
general, waters sourced from regions with Tertiary basalt and Triassic fluvial sedimentary 
strata are rich in calcium and bicarbonate (HCO3) and see the dissolution and precipitation 
of carbonates and alumina-silicates, respectively. The Upper Hunter Valley is also rich in 
the calcium carbonate mineral dawsonite (Staub, 1995b; Golab, 2003) which is thought to 
be associated with igneous intrusions that is present in that area. In contrast, formation 
waters in Permian coal-bearing strata are dominated by Na, Cl and Mg ions with 
precipitation of carbonates and oxidation of sulphides and coals. Widespread secondary 
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calcite mineralisation (often perpendicular to the principal dawsonite mineralisation in the 
cleats and fractures in the central Sydney basin; e.g. Staub, 1995a) indicates that some 
level of bicarbonate reduction process has occurred in the region. 
More recent work (McLean et al., 2010a, 2010b; Holmes and Ross, 2011) in the Lower 
Hunter Valley tracked variation in water geochemistry with depth as well as region (or 
source area). Water in the shallow alluvial horizons in the Lower Hunter region (where 
surface rocks are Permian Coal Measures) are dominated by Na-Mg-Cl and Na-Cl-HCO3 
ions, whereas water in deeper strata (~200m depth) is richer in Na-Cl-HCO3 and Na-
HCO3-Cl. Hawkes and Ross (2008) also confirmed abundant bicarbonate and increasing 
alkalinity along the flow path in the Hawkesbury Sandstone aquifer. Overall, these trends 
mirror typical hydrochemical facies development in many sedimentary basins, from inland 
(or elevated) fresh-water recharge areas towards coastal (or low-lying) discharge areas 
with gradually decreasing calcite saturation and increasing sodium bicarbonate and 
chloride facies (Back et al., 1993; Postma et al., 2008).  
Summary 
The delineation of coal seam gas (CSG) resources is one of the key objectives of gas 
exploration. CSG accumulations are controlled by geological features – both inherent rock 
properties, as well as external factors such as in situ stress and hydrological conditions. In 
this framework, the origin of gases, as well as the emplacement and/or trapping 
mechanisms responsible for their accumulation form important aspects requiring 
investigation. In lieu of direct gas detection techniques in deriving reservoir extents, remote 
methods of delineation must be considered and utilised towards refining target areas for 
exploration, and the relationships between mappable features or aspects of the geological 
environment investigated.  
Sydney Basin a foreland basin hosting a wide range of geological settings and thick coal-
bearing sequences containing large volumes of different types of coal seam gases. This 
allows for an in-depth review of relationships discussed in literature. In particular, it 
provides an excellent setting to review stress and hydrodynamic controls on coal seam 
gas accumulations, and explore any connections between observed gas distributions and 
interpreted stress and geothermal regimes. 
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Coal seam gas distribution and hydrodynamics of the
Sydney Basin, NSW, Australia
A. BURRA*, J. S. ESTERLE AND S. D. GOLDING
School of Earth Sciences, University of Queensland, Queensland 4072, Australia.
This paper reviews various coal seam gas (CSG) models that have been developed for the Sydney
Basin, and provides an alternative interpretation for gas composition layering and deep-seated CO2
origins. Open file CSG wells, supplemented by mine-scale information, were used to examine trends in
gas content and composition at locations from the margin to the centre of the basin. Regionally
available hydrochemistry data and interpretations of hydrodynamics were incorporated with
conventional petroleum well data on porosity and permeability. The synthesised gas and groundwater
model presented in this paper suggests that meteoric water flow under hydrostatic pressure transports
methanogenic consortia into the subsurface and that water chemistry evolves during migration from
calcium-rich freshwaters in inland recharge areas towards sodium-rich brackish water down-gradient
and with depth. Groundwater chemistry changes result in the dissolution and precipitation of minerals as
well as affecting the behaviour of dissolved gases such as CO2. Mixing of carbonate-rich waters with
waters of significantly different chemistries at depth causes the liberation of CO2 gas from the solution that
is adsorbed into the coal matrix in hydrodynamically closed terrains. In more open systems, excess CO2 in
the groundwater (carried as bicarbonate) may lead to precipitation of calcite in the host strata. As a
result, areas in the central and eastern parts of the basin do not host spatially extensive CO2 gas
accumulations but experience more widespread calcite mineralisation, with gas compositions dominated
by hydrocarbons, including wet gases. Basin boundary areas (commonly topographic and/or structural
highs) in the northern, western and southern parts of the basin commonly contain CO2-rich gases at
depth. This deep-seated CO2-rich gas is generally thought to derive from local to continental scale
magmatic intrusions, but could also be the product of carbonate dissolution or acetate fermentation.
KEYWORDS: Sydney Basin, coal seam gas, gas origin, hydrodynamics, hydrochemistry, CO2,
carbonates.
INTRODUCTION
Understanding the origins of coal seam gas (CSG) and
the controls on gas distribution in a basin allow for the
development of predictive models for resource explora-
tion and production forecasting and optimisation. Con-
trols on gas accumulation have been attributed to
various parameters, ranging from coal properties (e.g.
Levine 1993; Beamish & Crosdale 1998; Laxminaranaya
& Crosdale 1999) to the effect of large-scale geological
and hydrodynamic settings (e.g. Ayers & Kaiser 1992;
Ellard et al. 1992; Scott et al. 1994; Scott 2002; Pashin
2007). In particular, coal rank and type, as well as burial
history, have been correlated with thermogenic CSG gen-
eration (and storage) potential of coal reservoirs. Bio-
genic gas accumulations are strongly influenced by the
geological and hydrodynamic setting of the region
including the potential to flush the system and/or intro-
duce methanogenic consortia (e.g. Rice & Claypool 1981;
Whiticar & Faber 1986; Whiticar et al. 1986; Creedy 1988;
Ayers & Kaiser 1992; Rice 1993; Boreham et al. 1998;
Bustin & Clarkson 1998; Scott 2002; Faiz et al. 2003). High
gas saturation levels at shallow depths in coal seams
mainly result from the presence of secondary biogenic
gas that replaces thermogenic gas lost as a result of
basin uplift (Faiz et al. 2003; Golding et al. 2013).
The extensive coal mining and gas exploration his-
tory of the Sydney Basin, NSW, allows for the relatively
detailed assessment of gas distribution and origin on a
local (e.g. Smith et al. 1982; Williams 1991; Creech 1992;
Bocking & Weber 1993; Faiz & Hutton 1995) to regional
scale (e.g. Faiz 1993; Smith & Pallaser 1996; Faiz et al.
2003; Thomson et al. 2008, 2014; Pinetown 2010, 2014).
Basin-wide studies targeting commercial CSG deposits
or investigating potential CO2 sequestration reservoirs
have also contributed to the understanding of the basin
(e.g. Scott & Hamilton 2006; Blevin et al. 2007).
In addition to gas content, gas composition and, in
particular, CO2 distributions have been investigated.
CO2 is a dilutent and potentially corrosive gas for com-
mercial production, and increases outburst risk in
*Corresponding author: Email: agi@spemail.org
 2014 Geological Society of Australia
Australian Journal of Earth Sciences (2014)
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underground coal mines. In the Sydney Basin, high CO2
levels have been linked to local and regional magmatism
(Smith et al. 1982; Faiz et al. 2003), but in many parts of
the basin, igneous intrusions are not associated with
CO2-rich CSG (e.g. Creech 1992; Bocking & Weber 1993;
Gurba & Weber 2001). This paper presents an alternative
explanation for the distribution of deep, CO2-rich seam
gas in these areas through the integration of hydrogeo-
chemical trends at a basin scale.
BACKGROUND
Geological setting
The Sydney Basin is a Permian–Triassic sedimentary
basin located on the eastern seaboard of Australia that
has been divided into four main regions: the Newcastle,
Hunter, Western and Southern Coalfields (Coalfield
Geology Council of NSW). For the current study, the
basin is divided into five regions closely corresponding
to these coalfield divisions, but intended to align more
closely to the gas distribution characteristics discussed
in this paper (Figure 1). The northern area (N) encom-
passes the majority of the Hunter Coalfield; the western
area (W) corresponds to the Western Coalfield. The
southern area (S) covers most of the Southern Coalfield,
except for the far northern parts of that district; these
are included in the central region (C), together with the
southern parts of the Hunter Coalfield. The eastern area
(E) covers the Newcastle Coalfield but extends as far
south as the Central Coast and Sydney (Figure 1).
The basin hosts a series of Permian coal-bearing
sequences formed in a range of fluvial environments,
separated by a number of significant marine transgres-
sions between the main formations (Figure 2).
The key coal-bearing sections discussed in this paper
belong to the Singleton Supergroup—in particular, the
Newcastle and Wittingham Coal Measures—and the
equivalent Illawarra Coal Measures. Sedimentary units
below this sequence are chiefly of marine and volcanic
origins, while the overlying strata consist of Triassic
units of fluvial origin. These (and other) sediments cov-
ered the coal-bearing sequence regionally at the time of
maximum burial, with the coal measures reaching
depths of approximately 2–3 km in the early Cretaceous
(Faiz et al. 2007a; Jaworska et al. 2010). Cenozoic volcanic
rocks overlie the Triassic sequence in the northern and
western parts of the basin.
Coal rank in the basin is bituminous, with vitrinite
reflectances ranging from 0.5 to >1.40% Ro, although val-
ues as high as 2.0% have been reported locally in the
basin (Bocking & Weber 1993). In general, the coals in
the northern areas of the basin are lower in rank for the
same depths than are those in the southern regions
(Scott & Hamilton 2006; Faiz et al. 2007a; Jaworska et al.
2010); the latter having experienced deeper burial prior
to uplift (Faiz et al. 2007a). In the central region, vitrinite
reflectance can reach up to 1.0% at depths of around 500–
Figure 1 (Left) Locationmap of the Sydney Basin, NSW. Regions discussed in this study are referred to as northern (N), central
(C), western (W), eastern (E) and southern (S) as shown by the circled areas. (Right) Location of cross-section discussed in this
study indicating boreholes used in gas characteristics interpretation.
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800 m, which is comparable with the coal rank in the
southern areas. However, when considering similar coal
seam sequences (e.g. Newcastle Coal Measures), vitrinite
reflectance can range from around 0.5–0.6% in the Upper
Hunter region, 0.8–0.9% in the central Sydney Basin,
and approach 1.1–1.2% (and up to 2.0%; Faiz et al. 2007a,
b) in the southern Illawarra region.
Extensive Late Cretaceous intrusive igneous activity
that was associated with a time of rapid uplift in the
basin (Veevers 2000 in Healy et al. 2005; Faiz et al. 2007a),
emplaced widespread sills and dykes (e.g. Warbooke 1981
in Creech 1992; and OZCHRON data presented by Healy
et al. 2005). Uplift as part of the Tasman Rift continued
into and levelled off in the Cenozoic, whenvolcanic activ-
ity again became wide spread, particularly in the north-
western and western parts of the region. This latter
period of igneous activity resulted in further emplace-
ment of dykes and diatremes, chiefly in the western,
southern and eastern parts of the basin (e.g. Facer &
Carr 1979). Sydney Basin sediments have experienced
limited uplift since the Cenozoic (Faiz et al. 2007a, figure
10); however, the eastern seaboard of Australia is cur-
rently undergoing a renewed compressional regime
(Veevers 2000; Hillis & Reynolds 2003; Healy et al. 2005).
The Sydney Basin sediments experienced significant
syndepositional tectonism; this has amplified various
sedimentary features, such as thickening of coal seams
and syndepositional faulting, leading to differential sub-
sidence rates observed in the sediments in the vicinity
of major structural features such as regional faults and
monoclines, particularly near basin margin locations.
The main tectonic influence during the Permian–Trias-
sic was the ENE–WSW compression associated with the
Hunter–Bowen Orogeny that resulted in a northerly or
northwesterly strike orientation for many large-scale
features in the Sydney Basin (Figure 3; Healy et al. 2005;
Blevin et al. 2007). Of particular relevance for gas distri-
bution in the region is a number of large and spatially
extensive monoclines near the basin edges (e.g. Mt Thor-
ley, Lapstone and Nepean (and associated) monoclines;
Figure 3). These have a significant impact on hydrody-
namics (e.g. Pashin 2007), as meteoric recharge occurs
around the up-dip margins of the basin that widens as
the beds plunge and thicken east-southeasterly beneath
the sea.
The other key structural orientation in the basin is
the northeasterly trend of normal faults and dykes. The
latter, probably associated with development of the Tas-
man Rift period during the Late Cretaceous, may have
infilled pre-existing fault structures (e.g. Healy et al.
2005). These large-scale faults and dykes serve to com-
partmentalise the basin locally. A summary of key sedi-
mentary and structural events in the Sydney Basin is
shown in Table 1.
Figure 2 Stratigraphic sequence of the Sydney Basin (modified from Scott & Hamilton 2006). The Hunter Coalfield approxi-
mately corresponds to the northern area in Figure 1, and the Newcastle Coalfield to the eastern area in Figure 1.
Sydney Basin coal seam gas distribution and hydrodynamics 429
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The structural development and compartmentalisa-
tion of the basin affected the evolution of the hydrogeo-
logical flow regimes at various times during its history,
up to the present time. In turn, the hydrogeological
development likely influenced the origin and distribu-
tion of gas, particularly biogenic gas, in the basin (Smith
et al. 1992; Faiz et al. 2003; Thomson et al. 2008).
Hydrogeology and dynamics
Geological and geographical settings exert a strong con-
trol on the hydrological development of a region. At its
simplest, the topographic relief (and climate) will deter-
mine the surface and near-surface flow regimes, as well
as the extent of water recharge and discharge areas.
When hydrogeology and hydrodynamics are discussed
in relation to CSG distributions (e.g. Ayers & Kaiser
1992; Scott et al. 1994; Scott 2002; Scott & Hamilton 2006;
Pashin 2007; Song et al. 2012), it is in the context of near-
surface flow characteristics related to topographic relief
and seam outcrop (e.g. Scott & Hamilton 2006) or of bar-
riers to water movement from faulting or similar struc-
tural features (e.g. Lamarre 2003; Pashin 2007). Surface
water influxes are usually referred to as meteoric
recharge and are inferred to penetrate a basin from the
coal (and strata) outcrops near the edge of basins or
along fracture sets penetrating the subsurface (e.g.
Pashin 2007; McLean et al. 2010b).
In addition to the meteoric or near-surface gravity-
controlled hydrostatic flow, there is deep, pressure-
driven upward flow of formation water (e.g. Magara
1978; Kreitler 1989; Bethke & Marshak 1990; Bjorlykke
1993; Gurevich et al. 1994; Brassington & Taylor 2012).
The former originates from young and fresh surface
waters that seep into the basin moving deeper into the
strata assisted by gravity or ‘free-flow.’ Such waters
migrate as deep as the pore pressure regime (and other
factors such as fluid density and chemistry) allows and
occur as a function of the hydrostatic pressure gradient
in the region. Hydrostatic gradient is generally consid-
ered to be a linear increase in pressure with depth. Deep
saline formation waters, however, migrate upward (e.g.
towards lower pressures) by one or more of a number of
mechanisms such as compaction (and resulting pressure
differentials), geochemical changes such as salinity
changes and osmosis, and the cracking of hydrocarbons
(Kreitler 1989; Bjorlykke 1993; Gurevich et al. 1994; Gure-
vich & Chilingarian 1997). Where the two flow regimes
converge, a mixed water ‘transitional’ regime prevails,
and rapid changes in water chemistries develop, as docu-
mented from a fresh/saline water interaction in north-
west England by Brassington & Taylor (2012).
The flow regimes are widely documented in the
hydrogeology and petroleum geology literature, but dis-
cussions are typically related to young and subsiding
sedimentary basins such as those in the Gulf of Mexico
(e.g. Kreitler 1989). In these settings, increasing compac-
tion of sediments provides a strong upward flow towards
shallower horizons, where the saline waters meet free
convection flows that penetrate to surprisingly deep
horizons of around 2–3 km (e.g. Fertl & Chilingarian
1989; Aref 1998). Where compaction rates are higher than
the rates at which pore fluids can be expelled, overpres-
sure can develop, which, upon further burial, may pro-
vide future drive to upward formation fluid migration
(e.g. Magara 1978; Gurevich & Chilingarian 1997). Con-
versely, in older and uplifting sedimentary basins, such
as the Sydney Basin, decompaction (e.g. ‘rebound’) con-
siderations would be of more over-riding importance,
both in terms of porosity and in terms of fracture fre-
quency and aperture in the upper (hydrostatic) sequence
(e.g. permeability).
The location or extent of hydrostatic and geopres-
sured zones is commonly interpreted from porosity
assessments using downhole (wireline) geophysical tools
such as sonic, neutron, density and resistivity (e.g. Mag-
ara 1978; Fertl & Chilingarian 1989; Aminzadeh 2002).
The boundary between the two regions is determined by
analysing where the decrease in porosity with depth sta-
bilises and becomes significantly reduced or constant,
usually at around 5–10% porosity. In the Sydney Basin,
actual porosity measurements (compiled by Blevin et al.
2007) allow the accurate identification of this horizon at
approximately 1000–1200 m depth (Figure 4). Borecore
(horizontal) permeability data (Blevin et al. 2007) also
indicate that a significant flow barrier region exists at
approximately 800–1000 m depth; and in a large area
such as the Sydney Basin, it is reasonable to expect the
horizon to vary between these depth ranges in different
areas. The significance of this is that it is possible for
methanogen-bearing meteoric recharge to penetrate
Figure 3 Map of the major structural features of the Sydney
Basin (including regionally extensive monoclinal features),
with the shaded SEEBASE depth to basement map (from Ble-
vin et al. 2007). Orange shading depicts shallow depths under
1500 m, while blue areas show deep basement areas.
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subsurface horizons down to approximately 800–1000 m
depth in the basin.
Hydrochemistry
HYDROCHEMICAL FACIES IN GROUNDWATER
Typical hydrochemical facies in a sedimentary basin
develop from inland (or elevated) freshwater recharge
areas towards coastal (or low-lying) discharge areas
through gradually decreasing calcite saturation and
increasing sodium bicarbonate and chloride compo-
nents (Back et al. 1993; Postma et al. 2008). Back et al.
(1993) discuss a series of major cation exchanges during
groundwater evolution, with significant changes to the
system occurring in the presence of dissolved CO2 and
bicarbonate. An increase in CO2 concentration in the
water leads to increased solubility of carbonate minerals
Table 1 Summary of key Sydney Basin structural and sedimentary events (after Healy et al. 2005; Blevin et al. 2007; and additional
sources listed in the Appendix).
Age Stress direction Event Feature/effect Source
Upper Neogene Australian and Indonesian
plates converging
Blue Mountains uplifted Hillis & Reynolds 2003; Healy
et al. 2005
Cenozoic Volcanic activity Diatremes and dykes
emplaced (western/
southern/eastern regions)
Healy et al. 2005; Blevin et al.
2007
Basin uplift ceased Erosion Faiz et al. 2007a
Upper Cretaceous Tasman Rift Rapid uplift of Sydney Basin
sediments
Faiz et al. 2007a; Veevers 2000
in Healy et al. 2005
Lower Cretaceous Maximum burial of Sydney
Basin
Approx 2–3 km depth Faiz et al. 2007a
Jurassic Igneous intrusions Dykes and sills emplaced
(particularly western and
northern districts)
Triassic Fluvial/subtidal deposition Narrabeen Group including
Hawkesbury Sandstone
Blevin et al. 2007; McCabe
2008
Upper Permian Fluvial deposition with
widespread volcanic tuffs
Newcastle/Illawarra Coal
Measures
Creech 2002
Marine transgression Waratah Sandstone
Fluvial deposition Wittingham Coal Measures
(Jerrys Plains subgroup)—
sediments sourced from
New England Fold Belt
(from north) and Lachlan
Fold Belt (from west)
Fielding et al. 2001
Marine transgression Archerfield Sandstone/
Kulnurra Marine Tongue
Fielding et al. 2001
Fluvial deposition Wittingham Coal Measures
(Jerrys Plains subgroup)—
sediments sourced from
New England Fold Belt
(from north) and Lachlan
Fold Belt (from west)
Middle Permian Marine transgression Branxton Formation and
Mulbring Siltstone
Lower Permian Hunter–Bowen Orogeny
begins
Compressional phase Collins 1991 in Tamplin 1993
Fluvial/deltaic deposition Greta Coal Measures
Subsidence and continental
shelf setting
Herbert 1980 in Tamplin 1993
Volcanic activity Gyarran Volcanics/Dalwood
Group
Upper Carboniferous Volcanic arc extensions Ayr Volcanic Rift–Sydney
Basin sediment constraint
Harrington et al. 1984 in
Tamplin 1993
Volcanic back arc behind
subduction zone
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(Runnells 1993). The CO2 can originate from coal matura-
tion, oxidation and magmatic activity, dissolution of car-
bonate minerals through groundwater interactions with
country rock and methanogenesis.
Kellett et al. (1989) mapped the hydrogeological prov-
inces in the Upper and Central Hunter Valley areas of
the northern Sydney Basin and demonstrated a close
relationship between geochemistry and geology (lithol-
ogy) that provided a fingerprint for water origins and
migration pathways. In general, waters sourced from
regions with Cenozoic basalt and Triassic fluvial sedi-
mentary strata are rich in calcium and bicarbonate
(HCO3) and see the dissolution and precipitation of car-
bonates and alumino-silicates, respectively. In contrast,
formation waters in Permian coal-bearing strata are
dominated by Na, Cl and Mg ions, with precipitation of
carbonates and oxidation of sulfides and coals. More
recent work in the Lower Hunter Valley (McLean et al.
2010a, b; Holmes & Ross 2011) tracked variation in water
geochemistry with depth as well as region (or source
area). Water in the shallow alluvial horizons in the
Lower Hunter region (where surface rocks are Permian
coal measures) are dominated by Na–Mg–Cl and Na–Cl–
HCO3 ions, whereas waters in deeper strata (200 m
depth) are richer in Na–Cl–HCO3 and Na–
HCO3–Cl. Hawkes & Ross (2008) also confirmed abundant
bicarbonate levels and increasing alkalinity along the
flow path in the Hawkesbury Sandstone aquifer.
Figure 5 depicts a simplified section of the Sydney
Basin superimposed with a hypothetical hydrochemical
facies series (based on that discussed by Back et al. 1993)
and the respective locations of the groundwater studies
discussed above. Facies changes with distance from the
recharge area along the flow path, as well as with depth
of cover in the subsurface, are accompanied by similar
water chemistry evolution (Figure 5). In general, bicar-
bonate is primarily removed from the water by the pre-
cipitation of calcite or by discharge of bicarbonate-rich
groundwater from the system (Runnells 1993). Wide-
spread secondary calcite mineralisation (commonly
perpendicular to the principal dawsonite mineralisation
in the cleats and fractures in the central Sydney Basin;
e.g. Staub 1995) would indicate that this bicarbonate
reduction process has occurred.
In this hydrochemical facies development process,
total dissolved solids (TDS—a proxy used for salinity)
increase with depth and down-gradient towards the
coast. Salinity is an important factor (together with tem-
perature and pressure) for gas solubility, with increasing
salinities impeding both methane and CO2 solubility (e.g.
Morton et al. 1981; Chang et al. 1998, Duan & Sun 2003;
Hangx 2005; Brassington & Taylor 2012). With increasing
salinity and decreasing acidity of waters in sedimentary
basins with depth, solubility factors are important for
the development of gas layering in some regions.
Sydney Basin gas models
Mapping of gas distribution in the Sydney Basin began
in the 1970s and 1980s by underground coal-mining
Figure 4 Vertical variation in
porosity and permeability mea-
sured in clastic rocks in the
Sydney Basin. Porosity levels
out at under 10% below 1200 m
depth, whereas the permeability
trend stabilises below 10 mD at
less than 800 m, indicating a sig-
nificant change in the hydro-
static pressure gradient. This
range of depths is interpreted to
represent the vertical extent of
meteoric influx into the basin
(after Blevin et al. 2007).
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companies testing for gas concentrations, to mitigate the
risk of outburst for safer mining practices. Information
from these pockets of locally well-sampled areas was sup-
plemented by data from regional conventional and CSG
exploration. Early models looked mostly at thermogenic
processes. Subsequently, carbon isotope analysis of
CSGs by Smith et al. (1992) suggested that some of the
gases in the Sydney Basin and elsewhere on the eastern
seaboard of Australia may be of biogenic origin. Gas in
the southern Sydney Basin is dominated by thermogenic
methane with minor biogenic accumulations along out-
crop areas (Figure 6; Faiz 1993). Local accumulations of
CO2 were also identified on anticlines and faults in the
vicinity of igneous intrusions (Faiz 1993; Faiz & Hutton
1995; Faiz et al. 2003). CO2 gas was principally interpreted
as having migrated up dip from an igneous source and
then trapped against impermeable layers on structural
highs, a conventional gas migration and trapping mecha-
nism (Faiz 1993), although the potential for carbonate
dissolution and reprecipitation was also considered
(Faiz et al. 2007b).
More widespread occurrences of CO2 were reported
from the Hunter Coalfield (e.g. Pinetown et al. 2008;
Thomson et al. 2008; Pinetown 2010, 2014; Figure 6).
Thomson et al. (2008) observed that CO2 concentrations
in the Lower Hunter Coalfield were located in a consis-
tent and continuous layer between the biogenic and
thermogenic methane layers identified by Faiz (1993).
They proposed that this deep, high-gas-content CO2
layer may have originated from regional Cenozoic vol-
canic activity and was transported into the subsurface
by meteoric influx (as opposed to magmatic intrusions;
Faiz 1993). It was also noted that the various gas layers
in the subsurface cross-cut the regional dip of the
strata.
Elsewhere, the spatial extents of different gas trends
identified in the northern Sydney Basin region (Figure 6)
were investigated against structural domains delineated
by Glenn & Beckett (1997), Pinetown et al. (2008) and
Pinetown (2010). These studies did not find a strong
correlation between geological regions and gas accumu-
lations in those areas, although other research has
shown that structural features can affect local gas distri-
butions. Examples of locally higher-stress areas, such as
thrust faults and syncline axes, have been observed to
have gas content levels up to 50% higher than neighbour-
ing areas (Burra & Esterle 2012).
Gas accumulations in the Sydney Basin have been
inferred to be affected by the hydrogeology of the region
(Scott & Hamilton 2006), particularly in the context of
likely flow regimes, similar to those observed in various
geological settings in the USA (Scott 2002). Topographic
highs and lows, identified as areas of near-surface ‘diver-
gent’ and ‘convergent’ flows, respectively, provide impor-
tant constraints for hydrodynamic trapping (or
otherwise) of CSG accumulations (Scott & Hamilton
2006).
The significance of thermal history and coal rank for
gas saturation and gas content has also been investi-
gated (e.g. Faiz et al. 1992, 2007a; Laxminaranaya & Cros-
dale 1999), and in some areas was found to be important
factors in determining gas quantities located in coals.
However, in a regional context, the lower-rank coals in
the northern and central parts of the basin host some of
the highest gas contents in the basin (e.g. Thomson et al.
2008; Pinetown 2010), whereas the higher-rank coals of
the southern district hold generally more moderate con-
centrations of CSGs.
Overall, gas distribution in the Sydney Basin is vari-
able in both the extent and types of gas accumulations
present. It is apparent that both geological and hydrogeo-
logical factors exert strong influences on the develop-
ment of the observed in situ CSG distributions.
DATASET AND METHODOLOGY
The models for water and gas presented above provide a
foundation to explore variability in gas distribution and
compositional layering in the Sydney Basin. A CSG data
Figure 5 Schematic cross-section of hypothetical hydrochemical facies in the Sydney Basin, based on groundwater evolution
in a generalised sedimentary basin (after Back et al. 1993). Relative locations of samples taken from Sydney Basin groundwa-
ter studies discussed in the text are also highlighted (Kellett et al. 1989; McLean et al. 2010a, b; Homes & Ross 2011).
Sydney Basin coal seam gas distribution and hydrodynamics 433
D
ow
nl
oa
de
d 
by
 [A
gi 
Bu
rra
] a
t 1
4:3
9 0
2 J
un
e 2
01
4 
3-9
TAJE_A_912991.3d (TAJE) 21-05-2014 10:44
set was collated from publicly available information and
private coal and CSG companies’ databases (Figure 1).
Public data sets were obtained from the NSW Depart-
ment of Trade and Investment’s MinView and DIGS data-
bases, as well as published literature. Private CSG
databases were made available from a number of
regions, including the Hunter, Western, Newcastle and
Southern Coalfields. The data set includes gas content,
composition, isotope and coal quality analyses.
Additionally, wireline geophysics, regional mapping and
geological interpretation were sourced from a number of
coal mines in the northern and southern Sydney Basin.
These, in combination with maps and reports published
by the NSW Department of Trade and Investment, were
used to understand the geological setting. A list of maps
and reports utilised in this process is provided in the
Appendix.
The borehole dataset of 100 boreholes and over 2000
gas samples, ranging in depths of from 10 m to
1300 m, were analysed for common trends with depth,
including gas content (presented on a raw, or as-received,
basis in this paper) and composition (air-free basis)
parameters. From this analysis, a number of regional
gas domains were identified and further reviewed in the
context of local and regional geological features and
basin development, and existing gas models.
Gas distributions were then compared with published
data on the regional hydrology and hydrochemistry, with
particular emphasis on groundwater type, geochemical
zonation and dissolved gas trends, and then transposed
Figure 6 Location plan showing the extent of previous gas models in the Sydney Basin.
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onto gas-distribution model to test for relationships
between these apparently different but inherently con-
nected processes. A similar method was followed for the
investigation of porosity, permeability and isotope data
sets, in particular in the context of considering the
extent of biogenic recharge into the system, as well as
examining the origins of CO2 gas in the basin.
RESULTS
Gas content and composition trends
Gas content data collated as part of the project ranged
from 0.01 to 31.62 m3/t (raw, as received basis), with gases
ranging in composition from near 100% CH4 to near
100% CO2 or N2 (air-free basis). Overall, gas contents ini-
tially increase with depth but then decrease with depth
below approximately 800 m (Figure 7a). However, owing
to the basin geometry, different regions of the basin host
varying thicknesses of coal-bearing strata and this over-
all ‘boomerang’ trend with depth is not always fully
perceivable at all locations. Figure 8 shows the typical
gas trends within the basin to illustrate the variations
between the types of gas profiles with depth that are
intercepted.
In general, gas content is usually very low, less than 1–
2 m3/t, near the surface and down to depths of 100–200 m
with gas compositions high in N2 and CO2 (Figure 7a, b).
Below this zone, gas contents increase gradually to vari-
ous levels depending on the area, usually reaching 8þ
m3/t (raw), and in some cases, over 20 m3/t (raw). The
dominant gas type in this zone is CH4, and it has a vari-
able thickness ranging from 100 m to over 800 m. In
some areas, this methane layer is underlain by a CO2-
rich horizon in which the CO2 concentration ranges
from 10% to near 100% of the total gas, and covers over-
all strata thicknesses from 50 m to over 300 m
(Figure 7c, d). Gas contents in this zone are usually quite
elevated (up to 20 m3/t), but in some instances, total
gas contents decline part way through this particular
gas compositional zone (e.g. Figure 8, Borehole C). Deep
boreholes penetrating the CO2 layer reach another
deeper methane-rich zone that is in places accompanied
by higher hydrocarbons such as ethane and propane
(Figure 9), forming up to 10% of the gas content in some
locales (with reports of up to 12% in the south; Faiz &
Hendry 2006). However, both the depths at which they
appear and the accompanying gas types are not always
consistent (Figures 8, 9) with variable gas contents in
this deepest layer, declining in some areas and levelling
out in others (Figures 7, 8; Boreholes D and G, respec-
tively). The latter trend is chiefly limited to the southern
Sydney Basin regions, while the former is observed in
the northern and central areas.
Gas-content trends can also vary between the differ-
ent areas, but there is an overall pattern to these trends
when viewed in the context of basin geometry. In the
northern part of the basin, the coal seams outcrop and,
in many areas, the younger part of the sequence has
been eroded, leaving only the lower (older) part of the
Wittingham Coal Measures intact. In contrast, in the
southern and central parts of the basin, the youngest
coal sequence (the Newcastle/Illawarra Coal Measures)
is located at deeper horizons in the majority of the area,
below approximately 500 m in depth, under the thick
Triassic sediments of the Narrabeen Group (Figure 10).
The Newcastle Coal Measures outcrop along some areas
of the coast line—notably, near the Newcastle and Illa-
warra regions. In the typical profiles (Figure 8), gas con-
tents initially increase with depth up to a ‘peak’ within
a borehole, before declining in the deeper parts. The
occurrence of ‘peak’ gas contents is mapped across the
basin (Figure 10) and appears to delineate a particular
horizon across the region that is not depth or elevation
related (ranging from 500 to 1000 m in depth) and is not
associated with any particular coal seam in the
sequence (as per the discussion in the previous
paragraph and in reports by Creech 1994). This peak
gas-content horizon is also not related to any particular
gas type or compositional layer (Figure 8), and it cross-
cuts stratigraphy in the area (Thomson et al. 2008). As a
result, it appears to reflect a phenomenon that post-
dates the development of most of the geological features
of the basin.
Similar to the peak gas trends, the overall gas compo-
sitional layers appear to be consistent across many
Figure 8 Vertical profiles showing gas content and composi-
tion trends across the Sydney Basin. ‘Top’ and ‘base’ of coal
measure horizons are indicated to differentiate between
boreholes or locations that did not host any coals at the
drilled horizons from boreholes that did not penetrate or
sample the full sequence of coal seams in situ at the specific
locations. Note the change in gas content scales.
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Figure 8 (Continued)
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Figure 8 (Continued)
438 A. Burra et al.
D
ow
nl
oa
de
d 
by
 [A
gi 
Bu
rra
] a
t 1
4:3
9 0
2 J
un
e 2
01
4 
3-14
TAJE_A_912991.3d (TAJE) 21-05-2014 10:45
areas—both in extent and in sequence of occurrence
within the vertical profile. Figure 11 shows a schematic
diagram of the ‘full’ gas compositional profile that is
observed in some parts of the Sydney Basin where the
coal-bearing strata thickness is sufficiently large (e.g.
some areas around the northern–central region bound-
ary of the basin). In other areas of the basin, only parts
of this sequence are present, for example, where only the
lowermost coal seams of the Jerrys Plains Subgroup
remain at shallow depths, or where the Newcastle/Illa-
warra Coal Measures lie under the thick Triassic sedi-
ments in the south. The gas layer boundaries generally
exhibit a gradational shift from one zone to another,
although the shallower switch from near-100% nitrogen
to near-100% methane is most commonly an abrupt
change (e.g. Figure 8, Boreholes A and B).
A conceptual distribution for gas compositional layer-
ing through the basin, particularly in the deep, high-gas-
content CO2-rich areas, is presented in Figure 12. The
deep CO2-rich layer between the shallow and deep meth-
ane zones is visualised as a ‘plume’ that extends tens of
kilometres along strike in the basin from north to south-
east. Boreholes intersecting this plume at various locales
report varying CO2 concentrations with depth, depend-
ing on which part of the section (in Figure 11) they inter-
cept. Detailed borehole data are not available in the
western part of the basin, but it is expected that a similar
high CO2 plume would extend from the Western Coal-
field (Lapstone Monocline) towards the central part of
the basin. High CO2 contents reported in the borehole at
location F in Figure 8, as well as other regional boreholes
such as Turnermans 1 and Goulburn River 1 in the
northwestern part of the basin, support this prediction.
The approximate extent of the deep CO2-rich layer as
derived from borehole, mine site and geological mapping
data is presented in Figure 13.
Figure 14 provides more detail on the compositional
layering trends. In this borehole from the central Sydney
Basin (Figure 8, location C), the shallow methane layer
overlies a deeper and increasingly CO2-rich section. The
gas content peaks at a depth between 400 and 600 m,
whereas the percentage of methane in the CSG gradually
declines over the same interval. The CO2 trend, on the
other hand, shows a gradual increase in concentration,
peaking immediately below the highest gas content win-
dow. This is a significant observation because it is com-
monly assumed in the field that the ‘excess’ CO2 in the
system represents an additional gas volume on top of
‘constant’ methane levels. Furthermore, the peak gas
content coincides with declining CH4 and increasing CO2
levels. Consequently, if the CO2 were the cause of the
peak gas conditions, this is not evident in this area
where the highest CO2 concentrations of 80% of the gas
volume occur at 650 m depth—about 100 m below the
peak gas contents.
Figure 14 also presents a good example of the relative
location of other gases that occur at depth in the Sydney
Basin. Ethane and some higher hydrocarbons commonly
Figure 8 (Continued)
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occur at depth (e.g. Faiz et al. 2003) and have been used as
a marker for the top of the thermogenic methane zone in
the gas profile. However, Figure 14 shows that the depth
of the first ethane occurrence in the boreholes is not
always associated with only thermogenic gases. Here,
the ethane ‘kicks in’ at 500–600 m depth and reaches a
maximum of 3.5% in a region that is dominated by CO2,
whereas the CH4 portion of the gas is declining. A rare
showing of deep nitrogen gas is also apparent in this
borehole. Nitrogen is not commonly reported in the Syd-
ney Basin, except in gas samples originating in the near-
surface, oxidised coal layers near the crop lines. Krooss
et al. (1995) carried out laboratory experimentation and
found that nitrogen in coal seams originates from coals
having been exposed to very high temperatures
(>300C). This is a much higher temperature than that
to which Sydney Basin sediments were thought to have
been exposed during peak burial, when temperatures
were estimated to have reached 160C (Faiz et al.
2007a). If the ‘deep’ (i.e. >500 m) nitrogen gases have
originated from exposure to very high temperatures,
this must have occurred as a result of a different and/or
localised magmatic heat source; however, no such
igneous materials are present in the vicinity of this
borehole.
The most striking aspects of the profile in Figure 14 is
the overall gas compositional patterns with depth, and
how the ethane and nitrogen trends mirror that of the
CO2, but at slightly offset depths. This pattern may be
related to the local hydrochemical and fluid flow
regimes. Although not common, other boreholes in the
dataset also show an increase in ethane coincident with
declining total gas contents at depth. This is interpreted
to be a reflection of the hydrochemical layering in place
and/or the extent of meteoric water influx in the region.
These concepts will be discussed in more detail in a fol-
lowing section.
Carbon isotope trends and gas origins
Carbon isotope values for CSG in the region show a large
range, with d13C from CH4 recording –70s to –30%, while
d13C from CO2 ranges from –20 to þ20%. There is an over-
all enrichment in 13C with depth for both principal gas
types (Figure 15).
The carbon isotope values from both gases range
widely but are within the previously reported ranges
(Smith & Pallaser 1996; Faiz et al. 2003; Golding et al.
2013). Instead of discrete ranges of isotope values for
either principal gas type (i.e. CH4 and CO2), it appears
that carbon isotopes gradually shift from more negative
values at shallower depths towards more positive values
at deeper horizons. This is consistent with descriptions
of methanogenesis and accumulation of 13C-enriched
residual CO2 discussed by Rice & Claypool (1981) and
Aref (1998). Figure 15 shows that the carbon isotope val-
ues of CSGs in the Sydney Basin are related to depth of
cover (or presumably, the extent of meteoric recharge
and levels of degradation; e.g. Bates et al. 2011) rather
than any particular origin type that would be tradition-
ally assigned for the relevant value ranges. Nevertheless,
biogenic alteration of in situ gases appears to be less
below approximately 800 m depth, where isotope values
for the two principal gases stabilise in the thermogenic
gas zone. Above this horizon (i.e. between 400 and 800 m),
a mixed origin methane layer persists, with most d13C
values frommethane between –65 and –50%.
Carbon isotope values for CO2 depict a similarly
altered trend in the shallow horizons down to 200–400 m
depth, with values ranging from –25 to –10%, likely as a
result of near-surface interactions (e.g. atmospheric and
soil gas) and other organic alterations such as coal oxida-
tion (e.g. Smith et al. 1982). While depths of 200–400 m are
very deep in the subsurface for such near-surface inter-
actions, in areas of steeply dipping strata (e.g. in the
vicinity of monoclines) ‘deep’ sample points can be rela-
tively close to the seam surface outcrop along the bed-
ding and be affected by fresh meteoric recharge (e.g.
Pashin 2007; McLean et al. 2010b). At intermediate levels,
carbon isotope values of CO2 centre around 0% and may
reflect microbial gas production and utilisation of CO2.
This is supported by the apparent coupling of the meth-
ane and CO2 gas isotopes in this zone. However, these
Figure 9 Percentage of ethane composition in coal seam gas
plotted against depth in the eastern and northern part of the
basin. Note the significantly different depths of occurrence
that are not related to any particular coal seam or strati-
graphic horizon. In the northern part of the basin, which
hosts the thickest Permian coal-bearing sequence, some
boreholes show an initial increase in ethane concentration
at depth, followed by a decrease in this gas to the basal coal
seam/s (Boreholes 1–3).
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Figure 10 Schematic cross-section of typical gas content trends across the Sydney Basin. Position of peak gas content is indi-
cated by the dashed line. Location of section line is shown in Figure 1, and boreholes located along the section are indicated
with black vertical lines. WAP, Wappinguy 1; BH1, Borehole 1 (Burra 2010, figure 4); BAH/LL, Big Adder Hill/Llanillo 1; PG,
Pinegrove 1, WDM, Windermere 4; MPC, Monkey Place 4; PC, Paynes Crossing 1; BC, Boomerang Creek 1; JIL, Jilliby 1/2;
CHB, Catherine Hill Bay 1.
Figure 11 Variation in gas composition with depth in the north to central parts of the Sydney Basin. Grey columns indicate
relative sections intersected by boreholes shown in Figure 8.
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depths also coincide with the highest concentrations of
CO2 gases (Figures 7, 15), suggesting a possible addi-
tional external source such as magmatism and/or the
dissolution of carbonates. It is not possible to exclude an
ultimate magmatic source for the CO2 residual from
methanogenesis; however the positive trending isotope
values provide support for the overall importance of
microbial activity in this region (Smith et al. 1982; Bore-
ham et al. 2001).
Isotope data for ethane are limited and show thermo-
genic origins. The carbon isotope values appear unaf-
fected by secondary (or other) alteration, even at
shallower depths, and this is consistent with previous
observations that ethane is ‘relatively resistant to bio-
degradation’ (Katz 2011).
DISCUSSION
Basin geometry and hydrodynamics
The hydrodynamics of a sedimentary basin are con-
trolled by many parameters, particularly those relating
to features forming barriers to, or facilitating enhanced
flow along, the aquifer path (Scott 2002; Pashin 2007).
Areas characterised by highlands and escarpments in
the basin experience higher levels of rainfall and
recharge conditions than lower regions (e.g. Scott &
Hamilton 2006; Hawkes & Ross 2008; Mackie 2009). This
serves as an underlying framework for a hydrogeological
flow regime that appears to be closely related to the Syd-
ney Basin gas regime.
In recharge areas, meteoric water moves along the
bedding plane as well as percolating down the sequence
through vertical fractures (McLean et al. 2010b). These
Figure 12 Schematic illustration of gas layering across the Sydney Basin. Location of section line is shown in Figure 1, and
boreholes located along the section are indicated with black vertical lines. WAP, Wappinguy 1; BH1, Borehole 1 (Burra 2010,
figure 4); BAH/LL, Big Adder Hill/Llanillo 1; PG, Pinegrove 1, WDM, Windermere 4; MPC, Monkey Place 4; PC, Paynes Cross-
ing 1; BC, Boomerang Creek 1; JIL, Jilliby 1/2; CHB, Catherine Hill Bay 1.
Figure 13 Map showing the approximate lateral extent of
‘deep’ (>300 m) high gas content CO2 layer in the Sydney
Basin superimposed on the SEEBASE depth to basement
shade contour plan (from Blevin et al. 2007). (Note: orange
shading depicts shallow depths under 1500 m, while blue
areas show deep basement areas).
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mechanisms are particularly effective in basin margin
areas, where the steeply dipping strata and increased
fracturing associated with folding (e.g. the monoclines)
are favourably positioned for enhancing such flow
(Pashin 2007).
A hydrogeological model from the Black Warrior
Basin of the USA (which is a coal-bearing foreland
basin analogous to the Sydney Basin) illustrates this
process, where overturned folds at the southeastern
margin of the basin allow more extensive meteoric
infiltration into deeper horizons (Pashin 2007). In
such a setting, meteoric influx along the bedding
planes can be more laterally extensive in the shal-
lower horizons, while the deeper layers can be
accessed via vertical fracturing, affecting a larger spa-
tial footprint. Hydrochemical sampling and modelling
in the Hunter Valley (McLean et al. 2010b; Holmes &
Ross 2011) demonstrate that this pattern of infiltra-
tion is operating in the vicinity of the Mt Thorley
Monocline. It is possible that this style of infiltration
pattern is also at play in the southern Sydney Basin,
which is bounded by a number of monoclines draping
off surrounding highlands and escarpments to the
west, the south and the coastal area in the east.
Hydrochemical influences on gas layering
Overprinting the hydrostatic flow regime is the hydro-
chemical facies evolution from freshwater to brackish
and brine waters along the flow path from recharge to
discharge areas (Figure 5). This flow path progresses
from recharge areas experiencing freshwater influx (e.g.
rainwater) with waters high in calcium, magnesium and
other mixed ions, particularly when interacting with
igneous country rocks in these regions (e.g. Kellett et al.
1989; Golab 2003; Mackie 2009).
Formation waters of certain geochemical composi-
tions have been linked to methanogenesis (Van Voast
2003; Draper & Boreham 2006; Kinnon et al. 2010; Golding
et al. 2013; Taulis & Milke 2013), with water compositions
from methane-producing wells showing markedly simi-
lar characteristics in reported areas [e.g. US (Van Voast
2003), Bowen Basin (Draper & Boreham 2006; Kinnon
et al. 2010) and New Zealand (Taulis & Milke 2013)]. The
results commonly show minimal Ca and Mg but signifi-
cant concentrations of Na and HCO3 (Van Voast 2003;
McLean et al. 2010a; Taulis & Milke 2013). In some areas,
Cl is prominent as well, but this is often connected to
coals in paralic or marine influenced depositional
Figure 14 Gas content and compositional trends with depth in the northern Sydney Basin (from borehole Windermere 4—
location C in Figure 8). Peak concentrations of the various gases in the borehole do not coincide with peak gas content at
550 m (indicated by dashed line). The gradational boundary shifts between the various gas compositional layers at depth
appear to mirror each other, indicating a link to a universal controlling mechanism on present-day accumulations in the
sequence.
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Figure 15 Carbon isotope values
with depth from different coal
seam gas types in the Sydney
Basin.
Figure 16 Cross-plot of carbon isotope values from methane and CO2 in the Sydney Basin. Carbon isotope fractionations from
1.06 to 1.09 are characteristic of CO2 reduction, whereas acetate fermentation results in a values from 1.03 to 1.06 where aCO2–
CH4 ¼ (1000 þ d13C–CO2) / (1000 þ d13C–CH4) (Whiticar et al. 1986; Smith et al. 1992; Golding et al. 2013).
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settings (e.g. Van Voast 2003), which also have relatively
elevated salinity and TDS. Golding et al. (2013) and Tau-
lis & Milke (2013) have highlighted increased alkalinity
levels in such waters as well. Limited water data from
the Sydney Basin (McLean et al. 2010a, b; Holmes & Ross
2011) are consistent with these findings, with principally
Na and HCO3-dominated waters occurring in regional
methane production observation wells that show
increasing alkalinity, salinity and Cl content with depth.
The chemical evolution of groundwater, resulting in
the development of hydrochemical facies (in terms of
dominant ions), has the potential to dissolve minerals
(such as carbonates) and transport those components
further along flow (Back et al. 1993). Salinity or alkalin-
ity changes can instigate reprecipitation down-gradient
(e.g. Runnells 1993) in open systems. Conversely, such
changes can potentially result in the liberation of CO2
from the formation water and absorption of this gas on
to the coal surface in closed or compartmentalised
environments.
Origin of CSGs in the Sydney Basin
CSG distribution in the Sydney Basin is complex and
reflects original coalification processes as well as hydro-
geological processes from the time of coalification to the
present. There are two principal CSGs (methane and
CO2) with the minor but important accessory gases of
nitrogen and ethane. The principal gases and nitrogen
occur in shallow and deep strata, but in each condition
they are of different origins. Ethane only occurs at depth
and is of thermogenic origin (Figure 15).
METHANE
Methane was produced through both thermogenic and
biogenic processes as evidenced by carbon isotope data
(Figure 15). Biogenic methane can be generated through
two main pathways—acetate fermentation and CO2
reduction. It is has been widely reported that the princi-
pal methanogenic pathway in Australian coal basins is
CO2 reduction (e.g. Smith & Pallaser 1996; Faiz et al.
2003); however, carbon isotope fractionation analysis (cf.
Whiticar et al. 1986) shows that both of these processes
have operated in the Sydney Basin (Figure 16). The sig-
nificance of this is that, in addition to the methane, the
acetate fermentation process also produces CO2, and
this has implications for the origin of CO2 accumula-
tions at depth in the basin.
It has further been observed that carbon isotope val-
ues in methane commonly exhibit a shift from more neg-
ative to more positive values along flow path or with
depth. This can be interpreted in a number of ways. Mix-
ing between shallow biogenic and deep thermogenic
methane can yield a ‘mixed’ isotopic signature between
the two regimes. It can also be considered as an indica-
tion of the extent of methanogenesis in the system, evi-
dently associated with groundwater residence time
(Bates et al. 2011). Further, isotopic fractionation can
also occur as a result of diffusion from depth, but find-
ings by Xia & Tang (2012) indicate that this effect is not
likely to be greater than 5%, significantly smaller than
the large shifts of 40% observed in the Sydney Basin
(Figure 15).
CARBON DIOXIDE
Previous studies have concluded that CO2 gases in the
Sydney Basin coals are primarily of igneous origin
(Smith & Pallaser 1996; Faiz et al. 2003). Carbon isotope
results in the range of –7 to –3% are interpreted as repre-
senting igneous, magmatic or ‘deep external’ origins
(Smith & Pallaser 1996) and support findings by Baker
et al (1995) that continental-scale magmatism resulted in
the emplacement of CO2 and dawsonite formation in the
Bowen–Gunnedah–Sydney basin system. While this con-
clusion is widely accepted, isotope data collated in the
current study (Figure 15) indicate that the range of d13C
CO2 is much wider than the narrow magmatic-source
values and that the overall trend of the CO2 isotope val-
ues represents a pattern of d13C enrichment with depth
across the region. In other words, the d13C CO2 range
reported in the Sydney Basin is not likely to be (at least,
solely) of magmatic, igneous or volcanic origin (Smith &
Pallaser 1996; Faiz et al. 2003; Faiz & Hendry 2006; Thom-
son et al. 2008). Smith et al. (1992) suggested some other
possible CO2 sources in the region, such as oxidation of
coals and ‘thermal decomposition of carboxyl groups’;
the former process produces isotope values of around
–20%, while the latter shows values greater than 0%.
Rice (1993) and Boreham et al. (2001) described shifts
from more negative to more positive carbon isotope val-
ues in CO2 and interpreted them to be due to microbial
activity. Such a shift can also be due to interactions with
the country rock or groundwater, which can alter the
original CO2 carbon isotope compositions (e.g. Hoefs
2009). As a result, the interpretation of CO2 origin from
carbon isotope values should be carried out in the con-
text of the hydrogeological and biogeochemical regime
(cf. Golding et al. 2013).
In the Sydney Basin, the shallow layers with d13C
around –20% are interpreted to represent CO2 from oxi-
dised coals and other organic sources (e.g. Rice 1993)
(Figure 15). The increasing enrichment in d13C below
this layer is indicative of further alteration of carbon iso-
tope values by methanogens, and probably represents
both utilisation and production of CO2. The generation
of this gas may also be from other sources, such as disso-
lution of carbonates. In the thermogenic zone, no signifi-
cant CO2 concentrations occur; however, residual CO2
isotope values consistently report between þ5 and
þ10%, and are indicative of a more consistent ‘back-
ground’ signature, likely to be from the thermal degrada-
tion of carbonates (e.g. Smith et al. 1982; Clayton et al.
1990).
NITROGEN
Up-gradient, inland areas with coal seams outcropping
at the surface that experience freshwater recharge (such
as the Hunter Coalfield region) commonly exhibit a
number of shallow, very-low-gas-content horizons
(<1 m3/t) with very distinct CO2 and N2 concentrations
down to 50 m depth, and near-100% nitrogen concentra-
tions down to depths as great as 150–200 m. Although
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higher nitrogen percentages may be a result of coal oxi-
dation during sampling or testing (e.g. Jin et al. 2010),
most shallow samples in the dataset for this paper
(Figure 8, locations A and B) were helium flushed, both
in the field and in the laboratory during testing, to limit
oxidation. Results were also nitrogen corrected, but still
consistently reported over 90% nitrogen (i.e. greater
than that contained in air at 78% nitrogen); it is clear
that the excess nitrogen originated from sources other
than air contamination or sample oxidation.
The shallow nitrogen-rich zones are controlled by the
extent of the weathering profile, with the 50 m-thick CO2
and N2 layer resulting from the strata occurring within
the unsaturated and vadose (partially saturated) ground
water zones (e.g. Alley 1993; AWWA 2003) and experienc-
ing some levels of coal oxidation (e.g. Whiticar & Faber
1986). Below the water-table, at the top of the fully water-
saturated region, the nitrogen-rich zone persists down to
the depth at which the biogenic methane zone abruptly
begins.
The nitrogen-rich layer probably represents the zone
in the groundwater profile that has experienced denitri-
fication, which is the conversion of nitrates (from weath-
ered layers) to N2 gas (Korom 1992; Lovley & Chapelle
1995). The N2 does not have a very high affinity with
water (Runnells 1993) and is commonly reduced further
as part of the iron and sulfate-reducing processes on the
way to CO2 generation and methanogenesis as part of
acetate fermentation (Chapelle et al. 1993; Lovley &
Chapelle 1995; Christensen et al. 2000; Brinck et al. 2008).
Acetate fermentation produces small volumes of gas
from methanogenesis, particularly at shallow depths
where the gases escape or are dissolved and carried
away by regional water flows (Rice & Claypool 1981;
Schoell 1988; Rice 1993; Flores et al. 2008). This observa-
tion from other basins, including the documented typi-
cal vertical gas profile at those locations (e.g. Korom
1992, figure 1; Rice 1993; Smith & Pallaser 1996; Faiz et al.
2003; Flores et al. 2008; Brinck et al. 2008, figure 1), is con-
sistent with gas characteristics described from shallow
coal seams outcropping in the northern recharge areas
of the Sydney Basin (e.g. Figure 8, boreholes A and B).
Gas distribution and layering
Total gas contents appear to follow a parabolic trend
with depth; gas contents increase to a certain horizon in
the subsurface, below which values decrease to the base
of the coal-bearing sequence (Figure 7). This trend
(which has been reported previously; e.g. Faiz et al.
2007a in Sydney Basin, NSW; Hamilton et al. 2012 in
Surat Basin, Qld) is best observed in the central north
and central eastern areas that host a near-full sequence
of the coal measures. Elsewhere in the Sydney Basin, the
parabolic trend is only partially intercepted, resulting
in an apparently increasing or decreasing gas content
trend with depth (Figure 11).
Peak gas contents can be traced across the basin and
are interpreted to represent the interface between the
hydrostatic and geopressured groundwater flow
Figure 17 Model illustrating the relative extents of different flow regimes and associated coal seam gas characteristics in the
Sydney Basin. The base of ‘hydrostatic only’ flow is represented by the peak gas content horizon (Figure 10), which persists
down to the base of the CO2-rich (and equivalent biogenic methane layer elsewhere) (Figure 12). Below the peak gas horizon,
increasing ethane levels mark the top of the geopressured zone, and the overlapping layer hosts mixed gases and flow regimes
(including transitioning hydrochemical characteristics).
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regimes. In particular, the peak gas horizon is associated
with the lower extent of the biogenic methane zone,
which is associated with the meteoric influx under the
hydrostatic pressure gradient. This places it at the base
of the ‘hydrostatic only’ flow, below which total gas con-
tents decrease.
This horizon is also associated with the appearance of
(thermogenic) ethane concentrations within the strata
profile; these results, together with the observation that
ethane can be associated with most gas types at depth in
the basin, mark it as the upper most limit of the geopres-
sured zone.
Below the ‘hydrostatic only’ flow section, a mixed,
transitional zone prevails, which exhibits the most var-
ied gas compositions in the profile (i.e. the transitional
zone concept in Brassington & Taylor 2012). This zone
experiences significantly reduced hydrostatic (meteoric)
influx while thermogenic gas input increases. A mixed
carbon isotopic signature is evident in this region (e.g.
Faiz et al. 2003; Faiz & Hendry 2006), and a shift towards
more positive methane carbon isotope values (Figure 15)
partially represents a decreasing biogenic influence on
the system. This is also supported by decreasing porosity
and permeability conditions (Figure 4), coupled with an
increase in CO2 gas contents (Figure 7) in areas of bicar-
bonate-rich formation waters. Elsewhere (in down-gradi-
ent coastal areas), the mixed gas/water zone is
dominated by mixed origin methane and thermogenic
hydrocarbons. This model is illustrated in Figure 17.
Borehole Windermere 4 in Figure 14 (located in the
northern part of the basin) provides an example of the
mixed gas zone characteristics at around 600–700 m
depth. While isotope data from this borehole are limited,
the d13C of the CH4 is –60.4% at 700 m depth. The same
sample also contains 35.1% methane, 59.27% CO2, 3.65%
ethane and 1.6% nitrogen. In other words, mostly bio-
genic methane occurs with deep CO2 and nitrogen of
unknown (but not air-contamination) origin, as evi-
denced by the trends shown in Figure 14. The pattern
exhibited by the increasing ethane concentration curve
strongly mirrors that of the CO2 100 m above it and the
nitrogen 50 m below it (Figure 14). This may be a fur-
ther illustration of hydrochemical transitioning from
less saline to more saline conditions changing the rela-
tive solubility of gases in the presence of CO2 (cf. Bore-
ham et al. 2011).
An alternative Sydney Basin gas model
CSG distribution in the Sydney Basin has been mapped
and documented at a local level for a number of decades
(Faiz 1993; Faiz et al. 2003; Faiz & Hendry 2006; Scott &
Hamilton 2006; Thomson et al. 2008; Pinetown et al. 2008;
Pinetown 2010, 2014). The models and observations are
mostly complementary with a general agreement about
the mixed thermogenic and biogenic origins of the meth-
ane and the gas generation pathways (including timing
of geological events and thermogenesis). Most research-
ers assign an igneous or magmatic origin to the wide-
spread CO2 gas found in the basin (Smith & Pallaser
1996; Faiz et al. 2003; Thomson et al. 2008; Pinetown 2014);
however, analysis in a hydrogeological context can yield
a different interpretation. As detailed by Faiz et al. (2003)
and Faiz & Hendry (2006), hydrocarbon generation was
initiated as part of the Sydney Basin sediment burial in
the Cretaceous. Regional Jurassic magmatism resulted
Figure 18 Model of hydrogeological constraints on various gas compositional layers observed in the Sydney Basin. Extent of
the CO2 plume derived from borehole data, with CO2 concentrations indicated by colouring and annotation. Blue dashed lines
represent generalised hydrochemical facies boundaries (Figure 5) and the black dashed line shows the interpreted hydro-
static-geopressured flow contact. Location of section line is shown in Figure 1, and boreholes located along the section are
indicated with black vertical lines. WAP, Wappinguy 1; BH1, Borehole 1 (Burra 2010, figure 4); BAH/LL, Big Adder Hill/Lla-
nillo 1; PG, Pinegrove 1; WDM, Windermere 4; MPC, Monkey Place 4; PC, Paynes Crossing 1; BC, Boomerang Creek 1; JIL, Jil-
liby 1/2; CHB, Catherine Hill Bay 1.
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in the deposition of carbonate mineralisation through-
out the coal measures (Golab 2003; Healy et al. 2005). Late
Cretaceous to Cenozoic uplift and subsequent erosion
and meteoric infiltration probably contributed to some
level of biogenic methane generation; however, owing to
the significant extensional tectonic activity, most of the
gases generated would have been released as part of
these upheavals. Nevertheless, a regional hydrodynamic
environment would have evolved as part of the balancing
forces of uplift and erosion, resulting in the development
of hydrostatic and geopressured flow conditions in the
subsurface. More recent epochs have provided a rela-
tively stable geological and geographical setting for
regional hydrochemical evolution. Elevated, inland
recharge areas provided meteoric influx into the system
that progressed down-gradient and with depth, changing
in chemical character with progress through the various
lithological and geochemical environments. As part of
this development, young, calcium-rich waters (likely
originating from Cenozoic volcanic terrains; Kellett
et al. 1989) infiltrated carbonate-rich environments, dis-
solving CO2 and carrying it along the flow path (both lat-
erally and vertically into deeper horizons). With
increasingly saline conditions, CO2 was liberated from
the groundwaters, either by precipitation of calcite in
host rocks (including coals) or by expulsion of gases at
depth, where the differential compressional characteris-
tics of the formation water and free gases would have
forced the deep CO2 to adsorb on to the coal surfaces.
These gases were then held in place by the pressure
exerted by the formation water influx (e.g. so-called
hydrodynamic trapping; Scott 2002) or geological fea-
tures (such as faults, dykes, or sedimentary facies
boundaries).
Subsequent influx of meteoric waters transported
methanogenic consortia into the system that flourished
in the increasingly sodium-rich hydrochemical facies
along this stage of the flow path. Sodium-rich waters are
associated with biogenic methanogenesis because this
process increases bicarbonate concentrations in the
water; the bicarbonate is in turn either consumed by the
methanogens (i.e. excess CO2 in the system) or precipi-
tated as calcite in the host strata. The extent of the
methanogen-bearing meteoric water influx is controlled
by the porosity and permeability gradients of the region,
which, in the Sydney Basin, have been determined to
provide favourable conditions down to depths of approxi-
mately 800–1000 m (Blevin et al. 2007). At these horizons,
the upward flowing geopressured region prohibits fur-
ther downward penetration of meteoric water.
In this manner, the boundary between the deep ther-
mogenic gas-bearing regions and the shallower CO2-rich
or biogenic methane zones, is graduated by the level and
extent of mixing of the various waters and their respec-
tive chemical compositions. Thermogenic ethane marks
the top of the geopressured zone, while peak gas contents
developed just above this horizon where the optimum
(including hydrochemical) conditions existed for the
main gas types in the system. In other words, peak gas
occurs just above the horizon where the deep geopres-
sured thermogenic gas-bearing zones of an uplifted
basin met with the younger biogenic methane and car-
bonate CO2-bearing waters under hydrostatic flow.
With the groundwater development process produc-
ing more saline conditions in ‘down-gradient’ regions,
extensive CO2 gases are no longer present in the system,
and as such, the central part of the Southern Coalfield
and the eastern part of the Sydney Basin (e.g. Newcastle
Coalfield) are dominated by biogenic and thermogenic
hydrocarbons, with elevated wet gas contents at depth.
Near-surface gas compositional layering characteristics
in the far northern recharge areas of the Sydney Basin
are indicative of active methanogenesis by acetate fer-
mentation processes, and consistent with groundwater
dissolved gas characteristics reported in similar settings
(e.g. uplift and recharge) worldwide (e.g. Christensen
et al. 2000; Pitkanen & Partamies 2007).
Thus, the overall gas-accumulation process can be
represented by an illustration that includes the key ele-
ments in this paragenesis, such as flow regimes and
boundaries, hydrochemical facies boundaries, and gas
compositional layering (Figure 18). The complex interac-
tion between these principal processes operating on a
basin-wide scale and the different geological environ-
ments encountered in the region can result in the devel-
opment of locally altered conditions in some areas.
However, the underlying framework remains an impor-
tant aspect of regional gas-distribution trends.
CONCLUSION
CSG distribution in the Sydney Basin has been analysed
and existing gas models tested in the context of regional
geological, hydrodynamic and hydrochemical regimes.
It is concluded that there are a number of gas composi-
tional layers in the subsurface, and that their position is
chiefly controlled by groundwater flow and hydrochemi-
cal speciation from up-gradient recharge areas to coastal
or basin-central (i.e. structurally down-gradient) locales.
The gas layer types and locations in the subsurface are
related to the openness of the reservoir system in terms
of structural and hydrodynamic traps, including proxim-
ity to basin edge and basement boundaries, which proba-
bly affected stress regimes and pore pressure
distributions.
In this manner, the biogenic to thermogenic gas
boundary is related to the location of the boundary
between the hydrostatic and geopressured flow regimes,
with the presence or otherwise of the deep CO2-rich layer
between these horizons controlled by groundwater
chemistry and flow regimes (including hydrodynamic or
hydrochemical trapping). This interface is mappable, by
tracing the peak gas content horizon and the depths at
which ethane appears in the gas profile.
The effect of hydrochemical conditions in the ground-
water under which gas layering developed with depth is
thus in agreement with both characteristics of previous
gas models: development of gas layering with depth (Faiz
& Hendry 2006) and across stratigraphic layering (Thom-
son et al. 2008). However, the new model provides an
alternative origin for CO2 gas layer locations in the sub-
surface. The main point of difference is that the deep
(high gas) CO2 is proposed to have originated from car-
bonate dissolution and possibly, acetate fermentation
pathway methanogenesis as part of groundwater
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chemistry evolution with flow from (principally) inland
(or ‘highland’) recharge areas towards lowland and then
coastal discharge areas. This is in contrast to the estab-
lished models that interpret the extensive CO2 volumes
to have originated chiefly from igneous intrusions (e.g.
Smith et al. 1982; Faiz & Hendry 2006; Thomson et al.
2008).
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APPENDIX 1 REPORTS AND DOCUMENTS ACCESSED FOR BOREHOLE DATA 
AND LOCAL GEOLOGY AND GAS REGIME INTERPRETATION  
 
 
Borehole	  Name	   NSW	  Department	  of	  
Trade	  and	  Investment	  
DIGS	  report	  number	  
Bibblewindi	  1	   GS2001/049	  
Bibblewindi	  9	   GS2007/864	  
Big	  Adder	  Hill	  1	   WCR272	  
Black	  Springs	  1	   GS2010/0442	  
Blackville	  1	   GS2011/0014	  
Blackville	  1	   GS2011/0014	  
Boomerang	  Creek	  1	   WCR292	  
Bootleg	  10	   WCR206	  
Bootleg	  2A	   WCR195	  
Bootleg	  5	   WCR186	  
Bootleg	  6	   WCR202	  
Bootleg	  7	   WCR187	  
Bootleg	  8	   WCR204	  
Bootleg	  9	   WCR205	  
Bootleg	  9	   WCR205	  
Brawboy	  1	   GS2010/0453	  
Bulga	  1	   WCR265	  
Catherine	  Hill	  Bay	  1	   GS2012/0180	  
Cuan	  1	   GS2011/0458	  
Dartbrook	  1	   GS2011/0369	  
Dewhurst	  7	   GS2010/0480	  
Duncans	  Creek	  1	   WCR278	  
East	  Dunlop	  1	   WCR267	  
Faulkland	  1A	   GS2009/0986	  
Fullerton	  2	   GS2011/0521	  
Goulburn	  River	  1	   WCR289	  
Hawkesbury	  
Bunnerong	  1	  
WCR257	  
Hawkesbury	  Eveleigh	  1	   WCR258	  
Hawkesbury	  
Munmorah	  3	  
WCR256	  
Hunter	  Bulga	  1	   GS2013_0260	  
Hunter	  Bulga	  2	   GS2013_0259	  
 
 
Borehole	  Name	   NSW	  Department	  of	  
Trade	  and	  Investment	  
DIGS	  report	  number	  
Hunter	  Corehole	  3	   GS2010/0375	  
Hunter	  Corehole	  5	   GS2010/0432	  
Hunter	  Corehole	  6	   GS2010/0431	  
Hunter	  Coricudgy	  1	   WCR245	  
Hunter	  Llanillo	  1	   WCR244	  
Hunter	  Randwick	  
Park	  1	  
WCR243	  
Jilliby	  1	   GS2008/0847	  
Jilliby	  2	   GS2008/0849	  
Knight	  1	   GS2004/310,	  GS2004/177	  
Lake	  Goran	  1	   GS2009/0982	  
Llanillo	  1	   WCR244	  
Maison	  Dieu	  1	   GS2010/0441	  
Monkey	  Place	  1,	  2,	  
3,	  4	  
GS2011/0610,	  
GS2011/0611	  
Moonshine	  6	   WCR182	  
North	  Castlereagh	  1	   WCR262	  
Oakdale	  1	   GS2010/0536	  
Paynes	  Crossing	  1	   GS2010/0430	  
Pinegrove	  1	   GS2004/309,	  GS2004/176	  
Riverstone	  1	   WCR266,	  WCR248	  
Rouchel	  Rouchel	  1	   GS2010/0449	  
Rouchel	  Rouchel	  2	   GS2010/0446	  
Roughit	  1	   GS2009/0970	  
Stratford	  10	   GS2011/0201	  
Turnermans	  1	   GS2011/0481	  
Wappinguy	  1	   GS2010/0440	  
Windermere	  1,	  2,	  3,	  
4	  
GS2011/1422,	  
GS2011/0726	  
Windy	  Hill	  1	   WCR271	  
Wollombi	  Brook	  1	   WCR270	  
Wybong	  1	   WCR264	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Mine	   Report	  /	  Map	  title	   	   Webpage	  
Dendrobium	   Dendrobium	  Area	  3B	  Longwalls	  9	  to	  18,	  Subsidence	  
Management	  Plan,	  Plan	  3B	  –	  Geology	  and	  Seam	  Floor	  
Contours.	  
http://www.bhpbilliton.com/home/aboutus/regulatory/Documents/Dendro
bium%20Subsidence%20Management%20Plan%20Area%203B/Dendrobium
Area3B_SMPPlan3BGeology-­‐A0.pdf	  
Dendrobium	   BHP	  Billiton,	  Illawarra	  Coal	  –	  Dendrobium	  Area	  3	  Predicted	  
Hydrogeological	  Performance	  November	  2007.	  GHD	  
Geotechnics.	  
http://www.bhpbilliton.com/home/aboutus/regulatory/Documents/Attach
ment%20F%20-­‐%20Hydrogeology%20Report%20(GHD)-­‐Report%20Only.pdf	  
Dendrobium	   BHP	  Billiton,	  Illawarra	  Coal	  –	  Dendrobium	  Area	  3B	  
Longwalls	  9	  to	  18.	  Subsidence	  Predictions	  and	  Impact	  
Assessments	  for	  Natural	  Features	  and	  Surface	  
Infrastructure	  in	  Support	  of	  the	  SMP	  Application.	  
http://www.bhpbilliton.com/home/aboutus/regulatory/Documents/Dendro
bium%20Subsidence%20Management%20Plan%20Area%203B/Attachment
A-­‐MSEC_Subsidence_Report.pdf	  
Dendrobium	   Dendrobium	  Colliery	  –	  Update	  on	  outburst	  issues	  in	  the	  
Wongawilli	  seam.	  Presented	  at	  Outburst	  2007	  conference,	  
University	  of	  Wollongong,	  28	  November	  2007.	  
http://eis.uow.edu.au/outburst/presentations_publications/outburst_2007/
No.%203%20Seam%20Outburst%20Presentation%2028-­‐11-­‐07.pdf	  
West	  Cliff	   West	  Cliff	  Colliery	  Area	  5	  Longwalls	  34	  to	  36,	  Subsidence	  
Management	  Plan	  Application,	  Written	  Report,	  January	  
2008,	  Volume	  1/3.	  
http://www.bhpbilliton.com/home/aboutus/regulatory/Documents/WestCli
ffArea5LW34to36SMPWrittenReportandPlans.pdf	  
West	  Cliff	   Factors	  affecting	  the	  drainage	  of	  gas	  from	  coal	  and	  
methods	  to	  improve	  drainage	  efficiency.	  D.	  Black.	  PhD	  
Thesis,	  2011.	  University	  of	  Wollongong.	  
http://ro.uow.edu.au/theses/3339	  
Metropolitan	   Metropolitan	  Coal,	  Longwalls	  20–22,	  Subsidence	  
Monitoring	  Program,	  March	  2011.	  
http://www.peabodyenergy.com/mm/files/operations/australia/metrop/m
anagement-­‐plans/Subsidence_Monitoring_Program.pdf	  
Metropolitan	   Metropolitan	  Coal	  Project	  Environmental	  Assessment,	  
Appendix	  A,	  The	  prediction	  of	  subsidence	  parameters	  and	  
the	  assessment	  of	  mine	  subsidence	  impacts	  on	  natural	  
features	  and	  surface	  infrastructure	  resulting	  from	  the	  
proposed	  extraction	  of	  longwalls	  20	  to	  44	  at	  Metropolitan	  
Colliery	  in	  support	  of	  a	  part	  3A	  application.	  (Mine	  
Subsidence	  Engineering	  Consultants,	  Report	  number	  
MSEC285).	  
http://www.peabodyenergy.com/mm/files/operations/australia/metrop/m
etrop-­‐project/App%20A.pdf	  
Tahmoor	  /	  Tahmoor	  North	   	   Confidential	  unpublished	  reports	  on	  mine	  gas	  drainage	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Paper 2 provides explanation for the hydrogeological control of gas distribution reported in 
Paper 1. This article examines the in situ stress regime of the basin, noting the striking 
similarities between gas and stress zonation across the basin. The origin of the gas zone 
boundaries identified in Paper 1 are probed and related to zones of in situ stress 
characteristic changes.  
All gas data was utilised for analysis of the gas distribution regionally, however; only gas 
content data that had corresponding gas composition results available were plotted in 
Figure 7. This was done to avoid possible misrepresentation of the gas characteristics in 
response to gas composition which is one of the key premises of this paper.  
Similarly, the stress magnitude data presented in this paper was obtained from publically 
available data from a series of measurements that were carried out by overcoring or 
hydraulic fracturing, much of it overseen by CSIRO, and the methods are detailed by 
Enever (1993). Stress magnitude data were either read off published charts and maps or 
sourced from other publications (as cited); therefore, in-depth validation of these results 
was not able to be carried out. Some additional stress magnitude data are available in the 
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public domain from more recent testing programs but these are calculated by different 
methods (which vary between different service providers and that are often not disclosed). 
Due to the significant variance within those results (in some cases, orders of magnitude) 
and lack of documentation as to the cause, these variances could not be resolved, and 
therefore, those data points were excluded from further analysis.  
Correction to page 4-10 (p 110 of the published paper): the maximum gas content value in 
this dataset should read 24.4 m3/t instead of 27.4 m3/t.  
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Differential stressCoal seamgas zonation in the Sydney Basin, NSW, Australia is related to basin hydrodynamics and hydrochemical
facies evolution along the flow path from the subcrop to the basin center. Biogenic methane corresponds with
meteoric water under hydrostatic pressure and persists down to the top of the geopressured zone (~800 to
1000 m). Thermogenic gases, including wet hydrocarbons, can reach up to relatively shallow horizons of less
than 500–600 m depth. In the transition zone between the top of the geopressured and base of the hydrostatic
zone, a mixed water and gas regime prevails, comprising brackish waters, and gases of mixed biogenic,
thermogenic and inorganic origins, including CO2. Mechanisms for and the role of stress in the development of
this layered hydrogeological and gas environment are investigated in this paper.
The inverse relationship between effective horizontal stress and permeability in coals through regulation of cleat
volumes is well documented, and there is evidence of regionally compartmentalized stress regimes with depth
within the Sydney and other eastern Australian coal basins. This regional stress regime can be overprinted by
the effect of localized geological features. It is hypothesized that the in situ stress regime plays an important
role in the regulation of groundwater flow regimes and extents, resulting in the development of the reported
gas content and compositional zonation.
Analysis of regional gas and stress data obtained from public and private databases, aswell as literature, supports
this hypothesis. Changes in gas concentration and composition with depth correspond with discernable
variations in horizontal stress anisotropy. Gas contents generally increase with depth down to a ‘peak gas’
horizon, below which concentrations decrease. This ‘peak gas’ zone is coincident with a horizontal stress
anisotropy change frommoderately high to low levels, associated with reverse to strike–slip faulting conditions,
respectively. The stress release zone also marks the top of the thermogenic gas zone, identified by the first
appearance of ethane in the vertical profile. This zone also hosts gases of mixed origins: biogenic, thermogenic
and inorganic (CO2) and represents a mixed (transitional) groundwater flow environment. The base of the
mixed gas zone is the top of the ‘geopressured-only’ flow associated with thermogenic gases and is signaled by
the return to high stress reverse faulting conditions below 850–900 m depth in the Sydney Basin.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Gas distribution mapping is a key part of coal seam gas reservoir
characterization. In particular, the controlling mechanisms for reservoir
development assist with interpretation of exploration and gas produc-
tion data. On a basin-wide scale coal seam gas distributions can be asso-
ciated with geological (e.g. Burra and Esterle, 2012; Cao et al., 2001;
Clark and Boyd, 1995; Creech, 1994; Draper and Boreham, 2006;
Lamarre, 2003; Pashin, 1998), petrological (Bustin, 1997; Faiz et al.,
2007a; Scott et al., 2007) and hydrodynamic parameters (Ayers and
Kaiser, 1992; Groshong et al., 2009; Lamarre, 2003; Pashin, 2007;
Pashin et al., 2014; Scott, 2002). Gas distribution in the Sydney Basin
shows a distinct correlation to hydrodynamic and hydrochemicalcharacteristics of groundwater (Burra et al., 2014). The hydrochemical
facies evolve from basin margins to the basin center, and from inland
to the coast. Mixed cation bicarbonate-rich fresh waters in recharge
areas become increasingly sodium and chlorine-rich along flow paths,
towards discharge areas.Meteoric groundwater under hydrostatic pres-
sure penetrates basin sediments until further penetration is restricted
by upwelling geopressured basinal fluids and/or reduced porosity and
permeability. Gas contents are highest above the nexus between these
flow regimes where salinity increases at the base of the hydrostatic-
only flow region.
Permeability in coals is mainly related to natural fractures in exten-
sive cleat systems (Gray, 1987; Groshong et al., 2009; Harpalani and
Chen, 1992; Laubach et al., 1998). Cleats are thought to form by a
number of processes, principally related to coal shrinkage during
devolitization (Laubach et al., 1998; Li et al., 2004; Pashin et al., 1999),
expansion during thermal gas generation (Pashin et al., 1999), or in4-3
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Solano-Acosta et al., 2007). Regionally, Kulander and Dean (1993) dem-
onstrated that cleat domains can be related to underlying basement
structure and sedimentological geometry, and that the domains can
persist though different stratigraphic sequences regardless of lithotypes
present. At more local scales, however, cleat intensity and spacing may
also be altered in the vicinity of some sedimentary facies, for example,
differential compaction effects around sandstone lenses (e.g. Laubach
et al., 2000).
In addition to cleats, jointing and fracturing from tectonic processes
also have the potential to enhance gas and fluid flow in coals (and other
rocks), provided no extensive mineralization is present (e.g. Laubach
et al., 1998). Fracture spacing in rock mass is proportional to the bed-
ding thickness (Ladeira and Price, 1981); and therefore, fracturing in
thinly bedded strata is more frequent than in massive competent units
such as sandstone lenses or sheets. This has also been observed in coal
cleats,where the average cleat spacingwas found tobe linearly correlat-
ed to the thickness of the vitrain bands in the host formation of a given
rank (Dawson and Esterle, 2010). In general, dull, high ash and low rank
coals have much sparser cleat spacing than bright or high rank coals
(Pashin, 2008 and references cited therein) and dull coals in the Sydney
Basin were demonstrated to display much higher sensitivity to per-
meability changes (due to stress) than bright coals (which have higher
overall permeability), and this has a significant effect on gas pro-
ducibility (Bustin, 1997). Coal rank varies spatially across the basin
and with depth, as does the present day geothermal gradient.
The effectiveness of these fractures for flow is strongly related to the
state of effective horizontal stress (Enever and Henning, 1997; Enever
et al., 1994a; Gray, 1987; Jeffrey et al., 1997). This in turn affects coal
seam gas producibility (e.g. Ambrose and Ayers, 1991; Sparks et al.,
1995). Horizontal stress magnitudes are mainly related to rock proper-
ties such as elastic moduli (Dolinar, 2003; Enever and Lee, 2000; Gray,
2011) and these also determine the stress that is borne by different
rock types in an interbedded sedimentary sequence (Enever and Lee,
2000; Gray, 2011; Gray et al., 2013).
In situ stresses and coal seam producibility are also known to change
around local geological structures, particularly folds and faults, and
other features that can limit or enhance fluid and gas flow such as
dykes (e.g. Ambrose and Ayers, 1991). Fold structures have been docu-
mented to have lower stresses (tension) in the axes, and higher stress
magnitudes (compressions) in the flanks of the structures (Dawson,
1999; Strout and Tjelta, 2005; Teufel et al., 1991). Similarly, large faults
can affect stressfields both in terms ofmagnitudes and orientation (Bell,
2006; Gray et al., 2013; Kang et al., 2010), and footwalls of thrust faults
have been linked to incidents of gas outbursts in underground coal
mines (Cao et al., 2001), which are strongly correlated with large
pressure gradient changes (and subsequent alteration of coal proper-
ties) induced by mining activities (An et al., 2013; Cao et al., 2001;
Kang et al., 2010). Nevertheless, the underlying regional tectonic condi-
tions remain (e.g. Bell, 2006), and it is the basin-wide scale trends that
are the interest in the current study.
In general, Eastern Australia, including the Sydney Basin, is under a
compressional tectonic regime (Hillis and Reynolds, 2003; Muller
et al., 2012; Veevers, 2000; Zhao andMuller, 2001), but stress zonations
with depth have been observed in some areas (Brooke-Barnett et al.,
2012; Enever and Clark, 1997). The layered characteristic of coal seam
gas distributions in the Sydney Basin is hypothesized to be related to
these compartmentalized stress regimes. The apparent depth bound-
aries of the various gas layers coincide with changes in the relative
stress magnitudes. This paper maps the relationship between these
parameters in the Sydney Basin.
2. Background
The Sydney Basin is a Permo-Triassic coal-bearing sedimentary basin
located along the eastern seaboard of Australia (Fig. 1). It is a south-easterly trending, asymmetric trough that is narrow in the north and in-
land areas, and widens as it extends offshore in the east. Inland, the
basin margins are defined by a series of monoclines that are present
downdip of regional highlands (Fig. 1). This geometry results in the re-
gional bedding dip following the outline of the basin towards central
and eastern areas, with strata dipping towards the center of the basin
and out to sea in the east (Fig. 1). Permian sedimentary strata were de-
posited during a foreland loading episode of an emerging orogeny,
consisting of cycles of marine and terrestrial sedimentation, including
coal bearing fluvial to subtidal sequences. Regional syn-depositional
and post-depositional folding of strata resulted in coal-bearing se-
quences lining the basin margin at or near surface, with the same coal
seam located down to 1000 m depth in the central basin areas. Uplift
and subsequent erosion of the youngest coal measures in the more ac-
tive north–east area in the vicinity of the Hunter-Mookai Thrust Belt
(Fig. 1) resulted in the outcropping of older sediments in the fault re-
gion. As a result, no coal seam is continuously present across the Sydney
basin, precluding gas or stress distributionmaps on individual horizons.
Nevertheless, this setting provided the geometry for the subsequent
meteoric influx from inland basin margin locations towards the coastal
areas that is associated with the secondary (biogenic and inorganic)
generation of coal seam gas distributions in the basin (Burra et al.,
2014).
Coal seam gas distribution in the basin is well-documented, with
accumulations dominated by methane, both of biogenic and thermo-
genic origins, and accessory carbon dioxide, which can form significant
volumes in some regions (e.g. Faiz and Hendry, 2006; Pinetown et al.,
2008; Thomson et al., 2008). Gas contents range from 0 to over
25 m3/t (raw basis), with shallow horizons under 200–300 m depth
typically less than 5 m3/t; and middle horizons of 300–600 m ranging
from8 to 15m3/t. Gas contents in deeper reservoirs showhigh variance,
from single digits to over 25m3/t (Burra et al., 2014). This zone of higher
gas contents typically persists to approximately 600–1000 m depth,
below which gas concentrations decline or stay constant to the base of
the coal measures.
Regionally, the central, eastern and southern areas are dominated by
methane-rich reservoirs, whereas the northern inland areas also con-
tain significant CO2 at depth. CO2 accumulations mapped in under-
ground coal mines in the southern (Illawarra) region (e.g. Faiz et al.,
2003, 2007b) are considered to be local features, principally limited to
the uppermost coal seams (Faiz et al., 2007b) and in gentle anticlinal
structures (Faiz et al., 2003). In contrast, CO2-rich reservoirs in the
northern and central regions encompass over 20 major coal seams
(comprising over 50 correlatable coal plies and a total coal-bearing
strata thickness of up to 300m) and tens of square kilometers in spatial
extent (Burra et al., 2014). The source of the CO2 in these regions have
long been considered to be of magmatic origins (Faiz and Hendry,
2006; Smith et al., 1982); however, based on isotopic evidence, other
sources such as coal oxidation, biogenic methanogenesis, thermal de-
carboxylation and dissolution of carbonates cannot be discounted
(Burra et al., 2014; Smith et al., 1982). Other gases found in smaller
amounts in the basin includewet hydrocarbons and nitrogen. The nitro-
gen is chiefly associated with near-surface zones around inland
recharge areas, indicative of acetate fermentation process; but it also
occurs at depth, below the deep CO2 and ethane accumulations (Burra
et al., 2014).
Thermal maturity (i.e. rank) of coals increases with increasing tem-
perature and pressure during coalification (Hunt, 1979; Levine, 1993).
Thermogenic gas generation as part of this process was described by
Hunt (1979) and is summarized in Fig. 2 (Pashin, 2008). The pattern
of gas compositional zonation in the Sydney Basin is very similar to
this sequence; however, the rank ranges differ substantially. Additional-
ly, the gas zone boundaries are diffuse, cross-cut specific coal sequences
and structure (Burra et al., 2014; Thomson et al., 2008), and the gas, par-
ticularly in shallow areas, have been shown to be isotopically of biogenic
origin (Faiz et al., 2003; Smith et al., 1992).4-4
Fig. 1. Location map of the Sydney Basin (outline), including location of data points used in this study and the section line shown in Figs. 3 and 4.
105A. Burra et al. / International Journal of Coal Geology 132 (2014) 103–116The extent of biogenic gases in the subsurface is considered to be
controlled in large part by the infiltration patterns of meteoric waters
(Pashin, 2007; Scott et al., 1994; Smith et al., 1992) and their chemical
composition (Burra et al., 2014).
In the Sydney Basin, strata down to ~800–1000 m depth host both
fresh and brackish groundwater under hydrostatic flow according to
the local hydrostatic pressure gradient; at greater depths, upward-
moving saline waters are mobilized in response to geopressured condi-
tions (Fig. 3). Hydrostatic meteoric water influx introduces methano-
genic consortia into the system (e.g. Scott, 2002; Scott et al., 1994)
that produce shallow biogenic methane gas accumulations. Gas con-
tents typically peak at this horizon below which gas volumes decrease
(Fig. 4) (Burra et al., 2014). In the biogenic zone, calcium-rich fresh wa-
ters in the highland recharge areas cause the dissolution of carbonates
present in fractures and cleats (Golab, 2003; Staub, 1995a), which
results in the enrichment of bicarbonate in groundwaters (Back et al.,1993). The bicarbonate-rich waters predominantly move down-
gradient along the flow path; however, some volumes are partially
dispersed to deeper layers via sub-vertical fractures associated with
basin-margin monoclines and other geological structures (Burra et al.,
2014). This dispersion can result in the formation of a ‘deep’ CO2-rich
gas layer between the biogenic and thermogenic methane layers that
are associated with the hydrostatic and geopressured flow regimes, re-
spectively. With increasing sodium concentrations in the groundwater
(down-gradient and with depth), excess bicarbonate precipitates as
calcite along fractures and coal cleats (Runnells, 1993). This later stage
development has occurred in the central parts of the Sydney Basin,
where secondary calcite infill has been observed to post-date earlier
carbonate mineralization in fractures and cleats (e.g. Staub, 1995b).
Groundwater flow is facilitated by permeability. Permeability in
coals has been reported to be closely related to effective horizontal
stress magnitude (e.g. Enever et al., 1994a; Gray, 1987), and this4-5
Fig. 2. Thermogenic coal seam gases generated during coalification with varying
temperature and thermal maturation, described by Hunt (1979) (Pashin, 2008).
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total stress acting on the rock mass minus the pore pressure exerted
by pore fluids (Zang and Stephansson, 2010; Zoback, 2010). Three
principal stresses act on the rockmass, and these are generally modeled
as one vertical (Sv) and two horizontal (maximum (SH) and minimum
(Sh)) stresses (Zang and Stephansson, 2010; Zoback, 2010). Vertical
stress is derived by assuming that it originates from the weight of the
overburden strata, and it is calculated from the density (ρ) and thick-
ness (h) of the overlying rock mass and the gravity term (g):
Sv ¼ ρhg 1
To derive horizontal stress magnitudes, models generally assume
that rocks behave elastically, and depending on the level of detail, a
uniaxial or a biaxial approach is taken (Katahara, 1996; Zang andFig. 3. Conceptual model proposed for Sydney Basin hydrodynamic flowStephansson, 2010; Zoback, 2010). The uniaxial approach assumes
that (equal) horizontal stresses are generated by the vertical stress
and the elastic properties of the overlying rocks.
S H or hð Þ ¼ v
1−v Sv 2
where ν is the Poisson's ratio.
In the biaxial model, the uniaxial method is expanded to include a
tectonic strain term, representing far-field tectonic forces. Thus,
Eq. (1) is expanded
SH ¼ v
1−v Svþ
E
1−v2
vεhþ εHð Þ 3
Sh ¼ v
1−v Svþ
E
1−v2
vεHþ εhð Þ 4
where E is the Young's modulus, and ε is the tectonic strain in the
minimum and maximum horizontal stress directions.
The relative magnitudes of the three principal stresses determine
the dominant tectonic regime affecting the rock mass. The Anderson
fault classification describes the characteristics of the three main
stress regimes (Flottman et al., 2013; Meng et al., 2011; Zang and
Stephansson, 2010; Zoback, 2010):
• normal: Sv N SH N Sh
• strike–slip: SH N Sv N Sh
• thrust or reverse: SH N Sh N Sv.
Generally, an overall tectonic regime dominates a region as a whole,
but parts of the subsurface may experience contrasting forces acting on
them where stress discontinuities (Stephansson, 1993) develop as
stress is redistributed in some areas but not others (Bell, 1996). These
differences are mainly controlled by rock strength (e.g. elastic moduli)
(Dolinar, 2003; Enever et al., 2000; Zoback, 2010), and are also consid-
ered in terms of stress anisotropy, with low stress anisotropy referring
to two principal stresses becoming similar in magnitude (upon stress
transfer from a more dominant to a less dominant stress component)
(Bell, 1996; Enever et al., 2000; Yale, 2003). For example, stress fields
in the Bowen and Surat Basins of QLD, Australia, exhibit a reverse
tectonic regime in strata down to 400 m depth, below which strike–
slip conditions prevail (Brooke-Barnett et al., 2012; Flottman et al.,
2013). In some boreholes, a further stress zone is apparent belowregime and gas compositional zonation (after Burra et al., 2014).
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Fig. 4. Schematic cross section of typical gas content trends across the Sydney Basin. ‘Peak’ gas content horizon is indicated by the dashed line. Location of section line is shown in Fig. 1.
(For more details on the underlying borehole data, refer to Burra et al., 2014.)
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impact on the direction and style of hydraulic fracture propagation
(Flottman et al., 2013).
Understanding the in situ stress environment is an important aspect
of reservoir characterization, particularly with regards to gas generation
(secondary, biogenic), migration and/or entrapment in a sedimentary
basin. In situ stressmay ultimately determine the observed gas distribu-
tions locally and regionally in some basins, and it may be possible to uti-
lize this understanding to use geological mapping for the purposes of
forecasting likely gas accumulations in coal-bearing sedimentary basins.
2.1. Objectives
The aim of this paper is to consider mechanisms that can produce
the observed vertical coal seam gas zonation in the Sydney Basin. This
zonation has been shown to be strongly related to the regional
hydrogeological regime (Burra et al., 2014) which has the potential to
produce the ‘cross-cutting’ nature of the gas zones in relation to reser-
voir geometry. In consideration of the naturally fractured character of
coal seams as the primary migration path for fluid and gas permeability
in coal reservoirs, the influence of in situ stress acting on this system is
the most likely control of this system. As a result, the analysis reported
in this paper concentrates on establishing the characteristics of the in
situ stress field present in the basin, with particular focus on the inter-
play between the different stress component magnitudes and the iden-
tification of stress and other discontinuities present in the sequence that
may result in the gas zonation over-printing the host strata geometry.
3. Methodology
3.1. Data
In situ stress and coal seam gas data were compiled from publically
available information from the New South Wales (NSW) Department
of Trade and Investment's Digital Imaging Geological Systems (DIGS;
http://digsopen.minerals.nsw.gov.au/) and Minview (http://minview.
minerals.nsw.gov.au/mv2web/mv2) databases, and published articles.
Pore pressure data were sourced from regional observation wells (pie-
zometers) provided by a coal mining company with coal mines located
in the northern part of the Sydney Basin, as well as from DIGS (three
boreholes). The private boreholemeasurements originated from vibrat-
ing wire piezometers after these units had been calibrated to the in situ
conditions (1–2months after installation but a number of months prior
to the start of pressure draw-down); the public borehole data pointswere reported from regional pressure testing andwere used as reported
by the original programs. There are 130 pore pressure sample points
from 20wells, ranging from 16m to 483m,with the borehole locations
shown in Fig. 1. Six additional data points from a single borehole in the
nearby Gloucester Basin are also used qualitatively to provide a control
on the approximate lower extent of the pressure gradient between
814 m and 1106 m depths.
Coal seam gas data consist of 23 boreholes and 1164 samples, and
include gas content (on an ‘as received’ or ‘raw’ basis) and composition
(476 samples; reported on air-free basis), as well as information about
the coal samples such as depth, ash and moisture contents, and host
stratigraphic formation. Gas data are mainly used for the analysis of
gas trends against depth and to probe relationships with in situ stress
characteristics. Gas data are analyzed ‘as received’ to compare to in
situ conditions.
Coal rank data are similarly collated fromDIGS borehole data and are
principally used to establish the nature of the thermal maturity in the
basin—particularly against depth, because the spatial distribution of
coal rank in the basin has previously been reported to increase towards
the southern part of the basin (Faiz et al., 2003; Pinetown, 2014; Scott
and Hamilton, 2006). A total of 435 sample points originating from 44
boreholes are utilized; with 145 samples originating from the DIGS
database and complimented by a further 270 samples from a private
mining dataset limited to under 400 m depth.
Temperature data were sourced from the OzTempwell temperature
database from the Geoscience Australia website (Holgate and Gerner,
2010), and these had been collated from regional stratigraphic and
petroleum drilling programs. Three hundred three data points from 59
boreholes are located in the Sydney Basin and are used for establishing
the geothermal gradient(s) and to validate the limit of meteoric influx
into the basin. The location of the boreholes is shown in Fig. 1.
In situ horizontal stress magnitude data were collated for the analy-
sis, the location of boreholes is shown in Fig. 1. Only field measurement
data obtained by hydraulic fracturing and over-coring are utilized,
which have been shown to produce consistent results (Enever, 1993;
Gale et al., 1984b). Vertical stress was derived using conventional
wireline log (long spaced density) interpretation methods (described
in the next section). Wireline density logs were obtained from DIGS
and their locations are shown in Fig. 1.
3.2. In situ stress calculation and analysis
The vertical stress (Sv) gradientwas derived from to the long-spaced
wireline density logs using Eq. (1) (Fertl, 1976; Zang and Stephansson,4-7
Fig. 5.Maximum vitrinite reflection with depth in the Sydney Basin. Labels indicate data
source.
Fig. 6. Temperature with depth in the Sydney Basin (Source: OzTemp database, Geoscience Au
depth of change in geothermal gradient in the 3 main parts of the basin.
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Horizontal stresses can be calculated in a number of ways, as detailed
previously; however, direct measurement is always more desirable for
accuracy. In situ stresses are normally determined from interpreting
logs obtained from either over-coring or hydraulic fracturing tests. The
particulars of the field tests and their interpretation are detailed
elsewhere (Enever, 1993; Hillis et al., 1999; Peng, 2007; Zang and
Stephansson, 2010). For the current study, consistency in interpretation
of the field test results was sought, and for this reason, the horizontal
stress dataset used in analysis was collated from literature using these
field test methods. Data were compiled from Enever et al. (1994a,
1994b), Enever et al. (1998), Hillis et al. (1999), and Enever and Lee
(2000). To calculate effective stresses in the basin, Terzaghi's effective
stress equation is utilized by subtracting the pore pressure from the
total stress magnitudes for three principal stress components (Zoback,
2010). Normally, pore pressure is estimated using the vertical stress
equation (Eq. (1)) and assuming a density for fresh water of 1.0 g/cm3
(i.e. a pressure gradient of 0.45 psi/ft; Dake, 1978). However, actual
pore pressure data from piezometers in Sydney Basin regional observa-
tion wells allow a more accurate estimation of the pressure gradient,
and two linear equations were obtained for use in the effective stress
calculations (see Section 4.2 in Results). Unfortunately, no ‘total dis-
solved solids (TDS)’ data are available to ascertain the linearity of this
trend; however, resistivity logs indicate such conditions prevailing in
various parts of the basin.
To investigate the in situ stress characteristics fully, stress anisotropy
is determined from the difference between the two horizontal stress
magnitudes. Uniform major and minor horizontal stress magnitudes
are indicative of stress transfer having occurred between strata layers
via shearing and a disparity implies that such transfers have not
transpired (Bell, 2006; Enever et al., 2000; Flottman et al., 2013; Yale,
2003). Stress compartmentalization and overall characteristics are also
assessed using the Anderson faulting classification (Brooke-Barnett
et al., 2012; Flottman et al., 2013; Zang and Stephansson, 2010; Zoback,
2010).stralia https://data.gov.au/dataset/oztemp-well-temperature-data). Dashed lines indicate
4-8
Fig. 7. Gas content and composition trends with depth in the Sydney Basin. Part A (top left): total gas content (m3/t); Part B (top right): methane content (m3/t); Part C (bottom left):
carbon dioxide content (m3/t); Part D (bottom right): ethane content (m3/t). Note change of horizontal scale in Part D.
Table 1
Number of gas samples used in gas trends shown in Fig. 7.
Region Number of boreholes Number of samples
North 15 604
Central 8 297
South 9 235
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4.1. Coal and coal seam gas
Coals in the Sydney Basin are principally bituminous with vitrinite
reflectance ranging from 0.6% to 1.7% Romax (Fig. 5), with reports of
up to 2% (Bocking and Weber, 1993; Middleton and Schmidt, 1982).
In general, thermal maturity increases with depth, and spatially, it
increases towards the southern part of the basin (Scott and Hamilton,
2006) but this is partially due to the fact that the coals seams are located
at greater depths in that region.4-9
Fig. 8.Maximum vitrinite reflectance against gas content of various gas types in the Syd-
ney Basin.
Fig. 9. Pore pressuremeasurements from piezometers in the Sydney basin plotted against
depth.
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imately 850m depthwhich coincides with changes in other key param-
eters discussed in this paper. A less prominent inflection point occurs at
around 400m, belowwhich rank ‘stabilizes’ at an average of 0.8% down
to the 850 m horizon (Fig. 5). The cause of the changes in the rank
gradient is unknown but may be indicative of different stages of burial
and/or heat flow in the basin evolution.
A similar pattern is apparent in the geothermal gradient in the basin.
The overall, geothermal gradient of the Sydney Basin is approximately
25 °C/km which is similar to other basins on the east coast of Australia
(e.g. 23 °C/km in the Clarence–Moreton Basin—Haynes, 2012) but
higher than some basins in the USA (e.g. 16.9 °C/km in the Black
Warrior Basin—Pashin and McIntyre, 2003). The main heat sources in
the Sydney basin are thought to be the presence of volcanics and gran-
ites in the basement and the thickness of the sedimentary strata (Facer
et al., 1980; Middleton and Schmidt, 1982). The presence of thick coal
sequences may also be a factor as these units have an insulating effect
on the surrounding strata and can contribute to higher than normal
heat flows, as demonstrated by Cercone et al. (1996) in the Appalachian
Basin in Pennsylvania, USA. In the Sydney Basin, the geothermal gradi-
ent shows a marked change between 800 and 1200 m, with the depth
of the inflection point increasing towards the southern part of the
basin (Fig. 6). This depth range is compatible with published porosity
and permeability data (Blevin et al., 2007)which showboth parameters
decreasing to and then leveling out below 800–1200 m. This horizon is
interpreted to represent the extent of meteoric influx in to the basin
(Burra et al., 2014), also evidenced by the concave shape of the geo-
thermal curves above the inflection points in Fig. 6 which representrecharge conditions (Anderson, 2005). Carbon isotope data presented
in Burra et al. (2014) further support this conclusion.
Coal seam gas contents in the basin range from 0.1 to 27.4 m3/t,
increasing with depth to a ‘peak gas’ horizon around 600–900 m
depth, below which contents generally decrease, forming an apparent
parabolic trend (Fig. 7, Part A). This trend is evident in both ‘as received’
(or raw) and dry-ash free corrected data. In this study, ‘as received’
information is used to be directly comparable to in situ stress states.
Gas composition is varied and is comprised of a number of important
gas types: CH4 and CO2, as well as minor wet gases and N2. Methane,
carbon dioxide and nitrogen compositions can range from zero to near
100%, whereas ethane does not exceed ~10%.
Biogenic methane is found at less than ~800 to 1000 m depth, and
thermogenic methane is concentrated in deep coal seams (Burra et al.,
2014; Faiz et al., 2003). In the inland (western, central and northern)
areas, CO2 is present between these two principal intervals, but does
not occur in the eastern and much of the southern part of the basin, al-
though locally there are coal mines with high CO2 levels at shallower
depths (Faiz et al., 2007b). Ethane is associatedwith the top of the ther-
mogenic gas zone and occurs at the interface of the twomethane layers,
or overlaps with part of the CO2-rich layer (where it is present). The
overall peak gas content trends with depth for all three gas types
show the same gradually deepening pattern towards the central and
southern areas (Fig. 7). Notably, gas contents are commonly higher in
the northern and central areas, where coal rank is lower and ‘peak gas’
is located at shallower horizons than in the central and southern areas4-10
Fig. 10. Vertical stress gradients derived from wireline density logs from 10 regional
boreholes shown in Fig. 1.
Fig. 11. Total stress magnitudes with depth in the Sydney Basin (horizontal stress data
compiled fromEnever and Lee, 2000; Enever et al., 1994a, 1994b; Enever et al., 1998;Hillis
et al., 1999; vertical stress and pore pressure gradients derived from borehole data; see
text for methodology). Sv = vertical (overburden) stress; SH = maximum horizontal
stress; Sh = minimum horizontal stress; Pp = pore pressure.
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1000 m depth and is encountered deeper in the more open coastal
regions in the east and south (Fig. 7).
The CO2 peaks are driven by the relative proportion of this gas in the
different regions, with the northern areas hosting significant CO2 vol-
umes and concentrations decreasing towards the central and southern
areas. In areas where the deep CO2 layer exists, the peak CO2 content
occurs below the corresponding CH4 and total gas content peaks. The
central area exhibits a noticeable reduction in CO2 concentration in
the deep CO2-rich layer, located in the western part of that area, and
there is no deep CO2 present in the northern and eastern parts of the
central Sydney Basin. The significance of this is that the total gas (and
CH4) trends for the central area in Fig. 7 show two peaks, one around
550m depth, originating from thewestern part of the area, and another
at 850m. The latter anomalous peak originates from a single borehole in
thenorthern part of the area in the vicinity of a large fault. In light of this,
the peak inCH4 gas occurs above thepeak in CO2 in this area, in linewith
the other areas of the basin.
Ethane data are limited both by volume of gas present in the basin
(i.e. it is a minor gas, comprising generally less than 5% of total gas com-
position in affected samples) and by final depths of boreholes in the
region. Ethane only occurs at depths greater than 500–1000 m, and
total depths of a number of boreholes do not reach these horizons.
Table 1 shows the numbers of boreholes and samples used in producing
the trends shown in Fig. 7.Gas saturation in the basin is complex due to the presence of a num-
ber of different gas types. Sorption capacity of coals varieswith gas type,
pressure, temperature and coal properties reflecting rank, and is com-
monly determined by experimental measurement under changing
pressure conditions at a given temperature. The resultant isotherm indi-
cates themaximum gas holding capacity of the sample and is then used
to calculate the gas saturation based on themeasured gas content of the
sample. In the case of mixed gas samples, a mixed gas isothermmust be
calculated and this varies significantly between a samplewith 100% CH4
or CO2 concentrations—both common conditions in the Sydney Basin.
Consequently, gas saturation can range from near 100% saturation to
under 30% saturation when high CO2 concentrations or mixed gases
are present. Therefore, gas saturation can only be determined on sample
specific basis and this precludes the regional assessment of gas satura-
tion with depth or basin area.
Gas content has an intriguing relationship with coal thermalmaturi-
ty in the Sydney Basin. At a simplistic level, there appears to be no close
relationship between the two variables, as coal rank continues to in-
crease below depths where gas contents decrease from the ‘peak gas’
horizon (Figs. 5 and 7). However, when these parameters are plotted
directly against each other (Fig. 8), a striking pattern emerges that
resembles the trends predicted by the Hunt diagram (Fig. 2) which
was developed from experimental thermogenic gas generation from
coals. This is unexpected because the rank ranges of coals in the Sydney
Basin are higher than those indicated on the Hunt diagram for some of4-11
Fig. 12. Effective stress (i.e. total stressminus pore pressure)magnitudeswith depth in the
Sydney Basin (derived from data presented in Fig. 11). Sv= vertical (overburden) stress;
SH= maximumhorizontal stress; Sh= minimumhorizontal stress; Pp= pore pressure.
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depth in the basin are of biogenic and inorganic origins (e.g. Burra et al.,
2014). According to the data, at any given rank, a wide range of gas
contents can be present in place (cf. Pashin, 2010), and this is also the
case for the gas composition trend with depth. In this manner, the
thermal maturity may define the upper limit of possible gas contents
(e.g. sorption capacity), but someother phenomenon controls the levels
of gas saturation (discussed in Section 5). In other words, “the isotherm
is not the law, it is the limit” (J. Pashin, pers. comm.).4.2. Pore pressure
Pore pressure data from vibrating wire piezometers from regional
observation wells are available to a depth of 483 m (Fig. 9). Pressures
range from 0.05 MPa at 20 m to 5.08 MPa at 463 m. Most of the pore
pressure data used in the analysis were recorded from approximately
two months after the installation of the various piezometers (to allow
the equipment to calibrate to in situ conditions), and at least 6 months
prior to any gas drainage in the local areas. The remainder (6 data
points) was obtained from publically available well-testing of regional
boreholes to supplement the mine-site dataset. The recorders monitor
various coal seams, with up to 8 units (i.e. 8 coal seams) in a single
well. The data show a generally consistent hydrostatic pressure gradient
with depth, indicating a water table of around 40 m depth. This is
consistent with observations from exploration boreholes in the region
(e.g. Thomson et al., 2014); however, a change in the pressure gradient
is apparent at approximately 320 m depth (Fig. 9). The cause of thischange is unknown; however, it is not associated with any particular
stratigraphic horizons or coal properties.
Regression formulas were fitted to these two populations, and the
results used to derive effective stress magnitudes. Whereas pore pres-
sure measurements were not available for depths below ~500 m in
the Sydney Basin, sparse pore pressure readings from the nearby
Gloucester Basin from 814 to 1106m depth support the approximation
of pressures at these depths (ranging from 7.9 to 12.5 MPa). Additional-
ly, regional porosity data from the Sydney Basin show that much of the
basin is under hydrostatic pressure down to approximately 800–
1000 m depth (Blevin et al., 2007; Burra et al., 2014). It is possible,
however, for local overpressure to occur in boreholes, particularly
near major structures, as evidenced by a number of artesian wells
drilled in the northern part of the basin.
4.3. In situ stress magnitudes
Vertical stress estimated fromoverburden density using 10 regional-
ly representative boreholes show lithostatic gradients ranging from
22.5 MPa/km to 26.5 MPa/km, or a 2.3 to 2.7 g/cm3 overburden density
(Fig. 10). This is in agreement with previous estimates ranging from
2.3 g/cm3 (Hillis et al., 1999) to 2.5 g/cm3 (Enever, 1993; Enever and
Clark, 1997; Enever et al., 2000). For the current study, a gradient of
24.5 MPa/km, or 2.5 g/cm3 density, is adopted to represent the vertical
stress in the basin.
Horizontal stress magnitudes were collated from the literature
(Enever and Lee, 2000; Enever et al., 1994a, 1994b, 1998; Hillis et al.,
1999) and are plotted in Fig. 11 with the vertical stress and pore pres-
sure gradients. Horizontal stress magnitudes range from ~0.2 to
55 MPa between 0.1 and 980 m depth. In general, both minimum and
maximum horizontal stress magnitudes increase with depth, but can
vary significantly at any interval (Fig. 11), particularly in the shallow
horizons. In some sections, the stress magnitudes increase in a linear
manner (e.g. surface to 200 m) and elsewhere, the increases are more
compartmentalized, and a number of stress zones are apparent. More
specifically, Fig. 11 shows that the initial linear increase below surface
gives way to widely ranging stress magnitudes between ~200 and 400
m depths (0–53 MPa), which is followed by another zone of still vari-
able butmore consistent magnitudes down to 650m (4.0–40 MPa). Be-
tween 650 and 900 m depth, both horizontal components show
significantly lower magnitudes but increase again below this horizon
to the highest values observed in this dataset.
Total stress magnitudes were transformed into effective stress data
by subtracting the pore pressure. The resultant data set is shown in
Fig. 12. In general, the stress magnitudes are minimally affected at
shallower than 400m depth, and horizontal stresses are essentially un-
changed throughout the full strata sequence due to their significantly
higher total magnitudes than pore pressure in the basin. However, the
effective vertical stress gradient below this horizon is noticeably affect-
ed and it becomes approximately equal to the pore pressure at ~650 m
depth.
The pore pressure–effective vertical stress “cross-over” is an unusual
situation which could imply, at a simplistic level, the fracturing of the
strata under its own weight. However, two observations can be made
in relation to this occurrence in the data. This “overlap” of the two
trends may be the artifact of using an incomplete dataset that assumes
a similar continuing trendwith depth as observed at shallower horizons
(i.e. pore pressure data are only available down to ~500m depth in this
region). Furthermore, the vertical stress is calculated by assuming that
only the weight of the overburden strata is acting on rocks at a given
depth, and no consideration is given to possible additional stresses orig-
inating from the horizontal stress component, particularly in a compres-
sional environment. Nevertheless, the change in pore pressure gradient
at 320 m depth is real (based on direct measurements; Fig. 9), and the
depth at which the apparent Sv–Pp equalization occurs also coincides
with a significant change in the horizontal stress regime including the4-12
Fig. 13. Part A (left): Differential horizontal stress magnitudes with depth in the Sydney Basin (derived from data presented in Fig. 11 and color-coded to depict tectonic regime). Part B
(right): generic gas trends in the Sydney basin (derived from data in Fig. 7; dashed blue line indicates thermogenic gas peak in limited areas). Trend lines are qualitative.
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pore pressure can be greater than the effective vertical stress under
some circumstances (e.g. Hillis, 2000; Zhao et al., 1998); however, this
phenomenon has not been extensively studied in compressive regimes.
In this study, it is observed that it could potentially be related to the
marked change in horizontal stress regimes around this depth in the
basin; else, it could be indicative of ‘over-pressured’ conditions for ex-
ample due to hydrocarbon generation (J. Pashin, pers. comm.).
Horizontal stress magnitude differences indicate stress anisotropy
that is related to changing stress conditions (e.g. Enever and Clark,
1997; Gray, 1987). Fig. 13 shows the horizontal stress differences de-
rived from the horizontal stress magnitudes in Fig. 11. Low differential
magnitudes represent strata that have experienced some (or signifi-
cant) level of stress relief, while high values show strata that are
unevenly affected in the two different horizontal stress directions (i.e.
anisotropic). The overall trend mirrors those observed in Figs. 11 and
12; however, the closer clustering of the data within each stress zone
suggests more consistent conditions than implied in the stress magni-
tude plots. It also highlights that the horizontal stress zone changes
with depth are sudden and marked, regardless of the absolute stress
magnitudes at those horizons. This depiction therefore provides a
more consistent and comparable platform to investigate relationships
between stress field characteristics and gas distributions.
Another way to represent this phenomenon is to plot the average
horizontal stress component normalized by the vertical stress (SHh
average/Sv) against depth (Fig. 14). This is known as the lateral stress
coefficient, K, (Bjorlykke and Hoeg, 1997; Brown and Hoek, 1978;
Meng et al., 2011; Teufel et al., 1991; Zang and Stephansson, 2010)
and has been presented in modified versions by various authors (e.g.
Kang et al., 2010; Liu, 2011; Mark and Gadde, 2010) to plot SH/Sv and
Sh/Sv separately (total or effective stresses), with similar results. This
coefficient is plotted in tandem with the differential horizontal stress
to reiterate themarked changes between different zones in the horizon-
tal stress profile in the vertical plane.The stress information shows that the Sydney Basin is overall
experiencing a reverse tectonic regime; however, variations with
depth are apparent (Fig. 13). Conditions from surface to 200 m are
mixed with all three principal stress regimes represented. Strata
between 200 and 400 m depth are predominantly reverse; however,
the zone below this is relativelymixed again, even though stressmagni-
tude differences are lower and would indicate a more consistent trend.
Conditions change to strike–slip regime abruptly from 650 to 850 m,
before shifting to reverse tectonics below this horizon. The significance
of this is that the subsurface appears to be regionally compartmental-
ized with depth, and this may have led to the development of stress
zones that interact with and affect formation water and gas distri-
butions. Where possible such analysis should be carried out on a
borehole-by-borehole basis or regionally; however, such level of infor-
mation is not available for the basin in the public domain.
5. Discussion
Interpreted origins for the gas zonation in the Sydney basin are
varied, but largely agree that the zonation exists, and commonly over-
prints (i.e. ‘cross-cuts’) the regional stratigraphy and structure, although
local variations do occur. Gas contents vary at any given depth, but the
depth of the ‘peak gas’ horizon generally increases from north to
south, as does the rank of the coal; however, the overall gas content pro-
file with depth retains the parabolic trend. The composition of the gas
shows an apparent trend with rank similar to that of thermogenic ori-
gins, with higher levels of CO2 in the lower rank coals, and increasing
amounts ofmethane in the higher rank coals; however, the correspond-
ing ranks are not always in agreement with the Hunt findings (Hunt,
1979). With uplift and deformation of the basin since maximum burial
in the Triassic, it is likely that significant volumes of the original thermo-
genic gas would not be retained in the coals, and isotope results report-
ed from the basin show that much of the shallow gas (b800 m) is
biogenic. The complex compositional aspect of the gas accumulation4-13
Fig. 14. Lateral stress coefficient and differential horizontal stress plotted against depth,
used in stress profile analysis.
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parts of the basin. This results in a complicated picture on the controls
around in situ gas volumes in the basin until the effects of pore pressure
from groundwater and the in situ stress regime are considered.
The Sydney Basin hosts hydrostatic groundwater flow to at least
500 m depth (Fig. 9) but this is indicated to persist to at least 800 m
(Burra et al., 2014; also see discussion in Section 4.1, Fig. 6). Stress con-
ditions appear most favorable to such flow above 200 m depth; with
more restrictions to vertical flow between 200 and 400 m (Figs. 12
and 13). Below this horizon, horizontal stress magnitudes stabilize
and differential stresses and lateral stress indicators showmore consis-
tent conditions to approximately 650 m depth. At this point in the pro-
file, the stress anisotropy decreases markedly, and the tectonic regime
experiences strike–slip conditions (Fig. 13). Under some conditions,
this could be interpreted in favor of surface waters being able to pene-
trate even deeper into the subsurface; however, it is more likely that
this released stress zone enables the deeper and higher pressured
formation waters (and associated thermogenic gases) to migrate to
lower pressures (and depths) without significant barriers. This hypoth-
esis is supported by the abrupt appearance of (thermogenic) ethane
concentrations at and below approximately 650 m depth around the
basin (Fig. 7; Burra et al., 2014; Faiz et al., 2003). This provides further
evidence that the boundary between the base of the hydrostatic zoneand the uppermost reaches of the deep geopressured layer is located
at ~650 m in this dataset.
Conditions in this interval provide a zone of transitional environ-
ments—in terms of hydrodynamics, hydrochemistry and effective stress
variation. This mixedwater and altered stress zone is likely spatially ex-
tensive across the basin, as this kind of interaction is expected to occur
in all regions due to effects of gravity on groundwater flow. Wide-
spread mixed gas signatures reported from all areas of the Sydney
Basin between the shallow biogenic and deep thermogenic gas layers
(Burra et al., 2014; Faiz and Hendry, 2006; Thomson et al., 2008) pro-
vide further support for the presence of this likely setting. The mixed
gas and water zone terminates at the depth where the relaxed stress
conditions deteriorate and the ‘unaffected’ in situ stress and pore pres-
sure regimes prevail. This is indicated to occur below ~850 m depth in
this dataset (Fig. 12) that correlates well with the typical upper extent
of thermogenic gas-dominated accumulations (Burra et al., 2014;
Thomson et al., 2008) and the presence of higher concentrations of
ethane (Fig. 7).5.1. Implications for gas distribution prediction
In situ stress characteristics and gas distributions with depth exhibit
a close correlation—commonly in distinct zones. Shifts in stress attri-
butes indicate changing gas properties, and vice versa. It is suggested
that this connection is persistent in spatial extents as well, with stress
regimes changing around local geological structures and sedimentolog-
ical features. As a result, it is expected that gas distributions and cited
depths may vary locally and be possible to map from observation of
geological features present regionally. This is demonstrated to some
extent in Fig. 7 where the more structurally affected northern region
in the vicinity of the Hunter–Mookai Thrust Belt hosts reported gas
layers and volumes at noticeably shallower depths than in the central
and southern parts of the basin.
More locally, deformation of strata causes changes in the stress field
characteristics around geological features. Folding of strata commonly
results in the increase of stress magnitudes in the limbs (compression)
and the lowering of stressmagnitudes in the axes (extension) (Dawson,
1999; Strout and Tjelta, 2005). Stress fields are also affected by sedi-
mentological changes, both in terms of facies change and depth to base-
ment (or a locally significant lower bounding surface) attributes—these
have been well-documented in the Sydney Basin and other Australian
coal-bearing sedimentary basins (Enever et al., 1999; Flottman et al.,
2013; Gale et al., 1984a, 1984b). Changes in coal seam geometry also af-
fect stressmagnitudes, with thinner coal seams showing higher relative
stress magnitudes (Enever et al., 1999) and in thick coals, the middle of
the units reporting the lowest stresses (Jeffrey et al., 1997).
Gas accumulations are strongly related to hydrodynamic fluctua-
tions (Pashin, 2007; Scott, 2002). The importance of sealing and condu-
cive faults, dykes and other impermeable features are well-known (e.g.
Bell, 2006; Groshong et al., 2009; Lamarre, 2003; Pashin, 1998;
Pinetown, 2010). Coal seams in footwalls of thrust faults and syncline
axes have been shown to have up to 50% higher adsorbed gas contents
in the northern Sydney Basin (Burra and Esterle, 2012), and to be more
outburst-prone in surrounding regions in Chinese coalmines (Cao et al.,
2001).
Consequently, it appears that the relationship between regional
stress fields and coal seam gas distributions may be persistent over
large areas of many sedimentary basins. However, this regional rela-
tionship can be overprinted intermittently by stress perturbations
around local geological features which may affect the hydrodynamic
environment and associated gas accumulations. Nevertheless, qualita-
tive estimation of likely gas trends and accumulation extents are possi-
ble from interpretation of regional geological and stress mapping, and
this connection can be utilized at exploration and production stages in
coal seam gas projects.4-14
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The regional stress field in the Sydney Basin is that of a predomi-
nantly compressional (reverse) regime; however, more detailed inves-
tigations depict a series of distinct stress zones with depth. Differential
horizontal stress magnitudes vary between zones and changes in pore
pressure gradient (effecting effective stress gradients) also play a critical
role in isolating regions of possibly over-pressured strata. The stress
zones appear to be strongly related to the previously documented coal
seam gas zones; most likely, in relation to regulating the hydrodynamic
and hydrochemical interaction within the host strata.
Regional stress patterns can be overprinted by more local perturba-
tions, and the combinations of these create the specific local gas accu-
mulation regime. However, overall, it is possible to use geological
mapping to derive coal seam gas attributes to assist reservoir character-
ization and planning of exploration targets. The widely-reported geo-
logical controls of coal seam gas distribution from many parts of the
world attest to such connections being prevalent. As a result, more
work should be directed towards understanding in situ stress character-
istics and their controls on regional hydrodynamics and associated gas
accumulation regimes in sedimentary basins.
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Sydney BasinThis study examines the relationship between borehole temperature logs and gas distribution in coal seams, both
spatially and with depth. Temperature logs are often utilized in hydrogeology to monitor groundwater flow
which can introduce methanogenic consortia into coal seams, resulting in the generation and accumulation of
coal seam gases. Areas of hydraulic connectivity, characterized by open cleats and fractures, provide a pathway
for themeteoric influx, whereas tight, mineralized sections of strata prohibit vertical flow and have the potential
to trap coal seam gases, or to limit the influx ofmethanogens and the generation of secondary, biogenicmethane.
The combination of these concepts raises the possibility of utilizing temperature logs for mapping coal seam gas
distributions and assisting exploration activities. Wireline temperature logs are inexpensive to obtain as part of
any exploration, production or monitoring program, but provide information pertaining to flow regimes and in
situ geological environments. A case study is presented from the Sydney Basin of Australia to demonstrate the
types of analyses and interpretations relating to coal seamgas distribution thatmay be gleaned from temperature
log datasets.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
1.1. Purpose
Mapping of coal seam gas content and composition distribution is a
critical aspect of gas exploration and production planning. Gas distribu-
tions are controlled by a number of factors, but principally related to
temperature and pressure conditions in addition to coal properties
(Crosdale et al., 1998, 2008; Pashin, 2010; Pashin and McIntyre, 2003;
Scott, 2002). Temperature, in turn, generally increases with depth but
varies in response to in situ conditions such as proximity to volcanic ac-
tivity, nature of lithological sequence and groundwater flow (Anderson,
2005). The latter is particularly pertinent in areas hosting biogenic gases
becausemeteoricwatersmoderate conditions for gas generation aswell
as retention (Pashin, 2007; Scott, 2002). This study explores the rela-
tionship between temperature, water circulation and gas distribution;
and investigates the potential for the use of temperature logs in
predicting changes in gas content and composition in the subsurface
using a case study from the Sydney Basin of Australia.
1.2. Background
Heat flow in the Earth's crust is generated below the lithosphere
(Hill, 1990; Schoeppel and Gilarranz, 1966); temperature tends to cooltowards the surface (Hill, 1990; Prensky, 1992; Schoeppel and
Gilarranz, 1966; Serra, 1984). Heat is distributed through the crust by
two main processes: conduction and convection (also referred to as
advection) (Bjorlykke, 1993; Grant and Bixley, 2011; Jessop and
Majorowicz, 1994). Conduction is heat transfer via ‘direct’ interaction
of two bodies' particles, whereas convection occurs via a fluid medium
such as water or gas. Near the surface (e.g. less than ~1–2 km depth),
heat transport mainly occurs via fluid flow in rock pores and fractures
(e.g. Bodri and Rybach, 1998; Anderson, 2005; Kohl et al., 2005;
Nagihara, 2010). Fluids generate pressure in the pores and fractures,
and hydrostatic conditions prevail in structurally unconfined (or hy-
draulically linked) strata. Elsewhere, for example, in compartmental-
ized sequences, over- or under-pressure can develop as a result of a
number of mechanisms, such as increased tectonic influences, hydro-
carbon cracking, or changes in salinity or fluid density via osmosis
(Bjorlykke, 1993; Fertl, 1976; Gurevich and Chilingarian, 1997;
Gurevich et al., 1994; Hunt, 1990; Kreitler, 1989).
Thermal conductivity of rocks generally increase with decreasing
porosity (e.g. Birch and Clark, 1940; Hurter et al., 2007; Schoeppel and
Gilarranz, 1966), but other parameters such as mineralogy and organic
content also play a role (Beck, 1976; Kayal and Christoffel, 1982;
Cercone et al., 1996; Hurter et al., 2007). Detailed thermal conductivity
information on various rock types is available in the literature (e.g.
Anderson, 2005; Cercone et al., 1996; Eppelbaum et al., 2014; Hurter
et al., 2007).
High thermal conductors such as salt, sandstone and crystalline
rocks are considered to have low thermal gradients (e.g. small5-2
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tors (i.e. thermal resistors) such as coals and carbonaceous shales exhib-
it high thermal gradients on a temperature log (e.g. large temperature
change over a thin strata interval) (Mwenifumbo, 1993; Mwenifumbo
et al., 1989; Rider, 2002; Serra, 1984). Coal in particular has very
low thermal conductivity (0.13–0.5 W/m°C (Cercone et al., 1996;
Eppelbaum et al., 2014; Herrin and Deming, 1996; Hurter et al.,
2007)) and is considered an insulator of heat originating from strata
above or below. Cercone et al. (1996) found that coals can have a retar-
dation effect on heatfluxes in a basin and contribute asmuch as 10K in-
crease in the temperature of surrounding strata. Further, they also noted
that horizontal thermal conductivity in coals can be up to 2.5 times
greater than their vertical conductivity. This thermal anisotropy
means that coals transport more heat (and water) along bedding than
across to over- or under-lying strata layers.
These observations highlight the importance evaluating log re-
sponses in the geological context. The geothermal gradient is a series
of gradients pertaining to the heat profile of the strata at particular ho-
rizons. In this manner, the temperature gradient changes can be used
for the estimation of water movement and overall hydraulic connectiv-
ity of strata. For example, Grant and Bixley (2011) reported on two res-
ervoirs from Italy exhibiting similar thermal gradients that appeared to
be isolated by a low permeability layer on the temperature log; howev-
er, pressure data showed that the units were in hydraulic communica-
tion (Fig. 1).
The extent of groundwater recharge is commonly monitored using
wireline temperature logs (Prensky, 1992; Rider, 2002; Taniguchi,
2000; Taniguchi et al., 1999). This type of analysis is applied to intervals
that are thicker than individual strata units. In general, concave
(upward) trends on the temperature log are interpreted as meteoric
water recharge,while convex patterns indicate influx of deeper ground-
water (or formation water) into the borehole from elsewhere in the
strata, including along bedding (e.g. Anderson, 2005; Hurter et al.,
2007; Rider, 2002; Taniguchi et al., 1999). These principal patterns
and their associated interpretations are illustrated in Fig. 2.
Temperature data may also bemapped spatially, either as formation
temperatures or geothermal gradients (e.g. Pashin and McIntyre, 2003;
Saar, 2011). Maps of isotherms (i.e. lines of constant temperature) or
absolute temperature of specific horizons such as bottom-hole temper-
ature (BHT) can also be produced (e.g. Davis, 2012; Kohl et al., 2005;
Rider, 2002).Fig. 1. Elevation–Temperature and pressure profiles depicting twoapparently isolated res-
ervoirs with corresponding temperature gradients that are in hydraulic communication,
as shown by the pressure data (Grant and Bixley, 2011).The significance of these observations is that the temperature logs
do not only record the thermal properties of individual rock units but
also provide an indication of the in situ heat (and water) flow condi-
tions. With an understanding of the local geological setting, the tool
has a potential to add value in the interpretation of hydrological re-
gimes, which in turn can lead to better understanding of the in situ gas
regime, particularly in regions where the gas distribution is related to
hydrogeology as in parts of the Sydney Basin (Burra et al., 2014a). Pre-
vious work (Burra, 2011) showed that changes in temperature gradi-
ents coincided with changing gas characteristics with depth, but a
mechanism for this was not investigated. This study aims to fill this
gap in literature.
1.3. Geological setting
The Sydney Basin is a Permo-Triassic coal-bearing sedimentary basin
on the east coast of Australia comprisingfluvial-deltaic, coal-bearingde-
posits interspersed withmarine strata (Herbert, 1980). Heat flow in the
basin was thought to have originated from deep-seated igneous and
metamorphic basement rocks (Sass et al., 1976 in Facer et al., 1980);
however, these influences are considered too minor for regional effects
(Facer et al., 1980; Middleton and Schmidt, 1982). The effect of overly-
ing sediment thickness is considered a more likely early heat source in
the basin (Facer et al., 1980); or more specifically, the length of time in-
terval while the basin experienced maximum burial (Middleton and
Schmidt, 1982). This is supported by the close correlation of coal rank
distribution in the basin to thickness of strata and proximity to base-
ment (Facer et al., 1980). The presence of significant thicknesses of
coal in the total sediment sequence, similar to those reported from
Pennsylvania, USA (Cercone et al., 1996) may also be pertinent (e.g.
Danis, 2014).
In terms of more recent groundwater circulation, the elevated basin
margins to the north, west and south act as recharge zones for the basin
and pass surface and groundwater towards the center of the basin and
then to the coast in the east (Scott and Hamilton, 2006; Webb et al.,
2009). Many units of the basin experience dual porosity flow and are
dominated by secondary or fracture flow (MacDonald et al., 2009;
McLean et al., 2010b;Webb et al., 2009); although convection through-
out the basin has not been studied in detail (Danis et al., 2012). It is also
recognized that convection occurs in shallow aquifers in the basin, with
heat flow in deeper strata occurring principally via conduction (Danis,
2014).
Hydrodynamics and hydrochemical changes with depth and along
groundwater flow path have been shown to be a strong influence on
coal seam gas distribution in the basin (Burra et al., 2014a,b). Coal
seam gas distribution in the Sydney Basin is complex but is well-
mapped (Burra et al., 2014a; Faiz et al., 2003; Pinetown, 2010;
Thomson et al., 2008). In general, gas content increases with depth to
around 450–850 m depth, below they decrease, forming a parabolic
trend with depth (Burra et al., 2014a; Faiz et al., 2007).
In general, meteoric recharge along basin margins provide ground-
water with dissolved carbonates that are precipitated along a graduated
flow path with increasing salinity. Methanogenesis is associated with
the meteoric influx and results in increasing gas contents with depth
to a peak gas horizon around (Burra et al, 2014a). Bicarbonate-rich
groundwaters mixing with saline waters more abruptly in structurally
complex terrainsmay also lead to the liberation of excess CO2which ad-
sorb in the coals, resulting in the accumulation of extensive CO2-rich gas
reservoirs that are present in the inland regions. The deep CO2-rich coal
seam gas zone is located between the shallow biogenic and deep ther-
mogenic CH4 accumulations. Gas composition along the less compart-
mentalized coastal region in the east is predominantly CH4with minor
wet gases in the thermogenic methane zone below approximately
800–1000 m depth.
Based on coal seam gas carbon isotopic evidence, the origins of the
hydrocarbons are well-understood (Faiz et al., 2003; Smith et al.,5-3
Fig. 3. Location map of study area in the northern Sydney Basin, showing distribution of faults and intrusive bodies relative to the seam elevation and topography contours.
Fig. 2. Schematic illustration of temperature log anomalies and corresponding interpretations (Hurter et al., 2007). Graph a: groundwater recharge (downward circulation); Graph b:
groundwater discharge (upward circulation); Graph c: location of fracture is indicated by arrow where formation water enters into well; Graph d: water flow along bedding planes in
adjacent layers. (Note: temperature change trend is also depicted on the right hand side of each graph).
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Fig. 4.Map of gas content of target coal seam in northern Sydney Basin study area. Shade contours show gas content (m3/t, as received), and line contours depict CO2 composition in per-
centage (air-free). Gas content is strongly related to CO2 composition.
71A. Burra et al. / International Journal of Coal Geology 143 (2015) 68–771992); however, the source of the deep CO2 has alternately been consid-
ered to be of magmatic, dissolved (and re-precipitated) carbonate, or a
by-product of thermal alteration of carbonates (Burra et al., 2014a; Faiz
et al., 2007; Smith et al., 1982). Carbon dioxide occurs both in the pres-
ence and absence of igneous rock-types (Burra et al., 2014a; Gurba andFig. 5. Temperature map at the target coal seam horizon. Location of cross-secWeber, 2001) but is commonly associated with extensive carbonate
mineralization. On the other hand, methane-rich areas are normally in
more fractured or jointed terrains lacking extensive veining. The latter
setting is conducive tometeoric influx and introduction ofmethanogen-
ic consortia into the subsurface (Pashin, 2007; Scott, 2002), and this istion shown in Fig. 10 and boreholes presented in Fig. 6 are also marked.
5-5
Fig. 6. Temperature log and gas content data plotted with depth for a selection of boreholes from the study area. Borehole locations are shown in Fig. 5. Depth and temperature axes are constant to allow direct comparison of data, whereas the gas
content axis is unrestrained to depict variation in gas content and type within boreholes.
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Fig. 7. Differential gas contents (CO2 content minus CH4 content) with depth across the
study area. Note that only a few boreholes are plotted from each region for clarity, and
the different boreholes are indicated by variation in symbols within each region.
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et al., 1982, 1992). In this context, if the gas distribution is related to
the hydrogeological conditions, then the temperature log could be
used an indicator for water flow and associated gas characteristics.
1.4. Study area
The study area in the northern Sydney Basin is down-dip of a region-
al monocline that defines the cropline of many of the coal seams in the
region (Glenn and Beckett, 1997). The coal seams in this fluvial se-
quencedip gently (~3–5°) towards the south and southwest and exhibit
some ply splitting and coalescence (Fig. 3). The area is affected by two
fault zones and is bounded by a northeast striking igneous dyke and as-
sociated irregular sills in the northwest (Fig. 3). The intrusions result in
minor disturbance to some coal seams and clastic interburden, most
commonly, in the form of increased fracturing and weathering within
and around the intrusive bodies. The two fault zones in the eastern
part of the study area represent two different tectonic elements from
the regional structural history of the basin (Glenn and Beckett, 1997).
The northern fault zone strikes northwest and consists of a small num-
ber of thrust faults with vertical displacements of between 5 and 20 m,
dipping to the northeast. On the other hand, the central fault zone,
which is intersected in open-cut and underground coal mines in the
area, strikes northeast and hosts en echelon normal faulting with verti-
cal throws of less than 5 m (typically, under ~1 m). In terms of gas
trends, the eastern half of the area is dominated by methane and low
to moderate gas contents (1–8 m3/t), whereas the western domain
hosts significant volumes of CO2 (up to 25 m3/t at 90% CO2) (Fig. 4).
These conditions provide a unique setting to test the potential of
using temperature logs to monitor and/or predict the type of coal
seam gases present in the subsurface. It is hypothesized that the extent
of CH4 gas accumulation coincides with meteoric water influx, whereas
CO2-rich areas have more limited connection to the surface and/or be-
tween strata layers. Therefore, CO2 accumulationsmay be hydrodynam-
ically isolated and undisturbed by more recently introduced
methanogenic consortia. This would be discerned by a relatively uni-
form, linear geothermal gradient over thick intervals strata of varying
lithologies.
2. Methodology
This study examines temperature profiles across areas of high and
low CO2 content in the natural gas contained within the coal. Data on
gas content and composition come from 827 gas samples from 107
boreholes representing of the full sequence of coals seams, although
exhibiting considerable bias in older boreholes (n = 55 boreholes) to-
wards coal seams targeted by undergroundmining. Nevertheless, a spa-
tially representative dataset is used for the analysis of downhole trends,
which was checked against previously published data from the region
(e.g. Burra and Esterle, 2012; Burra et al., 2014; Pinetown, 2010;
Thomson et al., 2008). The gas content and composition data were
used to make grids and generate contour maps, as well as borehole by
borehole analysis against the temperature log profiles with depth. Tem-
perature data came from a 37 boreholes within the area with total
depths ranging from74 to 633mdepth and anaverage of 332m. 5 bore-
holes with temperature logs were less than 100m deep and 1 borehole
was affected by surface conditions during the equilibration period, and
therefore, these were excluded from further analysis.
Wireline temperature logs were run between 1 and 4 days after
borehole drilling was completed; continuously sampling every 0.1 m
from thewater-table to the base of the borehole. The appropriate length
of the water column standing period was determined by experimenta-
tion, using 1–10 days' equilibration time. During this time, minimal ad-
ditional detail was obtained on the logs that were not required for the
principally qualitative log analysis used in this study. This is in line
with common practices discussed in literature, with equilibrationperiods ranging from as short as 12 hours to as long as a number of
months depending on project-specific precision requirements (Davis,
2012; Hill, 1990; Kayal and Christoffel, 1982; Mwenifumbo, 1993;
Mwenifumbo et al., 1989; Rider, 2002).
Temperature data collected for numerical (quantitative) analysis are
sometimes corrected using various published correction methods
(Deming, 1989; Facer, 1991; Horner, 1951; Rider, 2002). These relate
to the data acquisition type and any drilling or environmental condi-
tions that may have affected the temperature reading, particularly in
deep wells or where spot data are obtained during drilling. Due to the
relatively shallow nature of the boreholes (and reservoirs) in this
study and the large number of samples taken during continuous mea-
surement after the equilibration period, no corrections were made to
the data prior to analysis. However, because temperature logs can
only be run in fluid-filled columns and the water-table occurring be-
tween 0 and 50 m depths in the study area, any samples collected in
this range are regarded to be of low confidence and were not used in
the analysis. Samples from these shallow horizons could also be affected
by surface conditions (e.g. seasons or surface weather conditions) and
are not representative of reservoir conditions.
In addition to investigating trends in temperature with depth in
profile, maps of temperature at different depths or elevation or target
strata were made, similar to those by other studies (e.g. Davis, 2012;
Kohl et al., 2005; Nagihara, 2010). Analyses such as these can identify
fracture zones or other conduits that may play a significant part in the
groundwater flow regime of an area. As an example, Nagihara (2010)
employed the depth slice technique to identify upwelling of heated
water from deep, under-compacted strata along the Corsair Fault in
Texas, USA. Elsewhere, a cooler temperature anomaly highlighted5-7
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district in South Dakota, USA (Saar, 2011).
The temperature log analyses using the downhole and spatial map-
ping methods were then reviewed against the known gas regime in the
study area (Fig. 4), and in particular, differences in the hydrogeological
nature of the two main gas domains are considered.
3. Results
Surface elevation in the study area ranges from approximately 50 to
300m, and there are over 30 coal plies in the strata sequence which are
well correlated across the surrounding mine sites. Coal seam gas
contents range from 0.1 to 24.8 m3/t (as received basis), and air-free
compositions include 0.5–97.1% CO2 and 0.8–98.1% CH4. Absolute tem-
peratures are between 14.8 °C (at surface) to 45.2 °C (at 633m). A target
coal seam is investigated for spatial detail in the gas reservoir character-
istics and seamfloor elevation, depth of cover, aswell as gas content and
composition are shown in Fig. 3 and Fig. 4.
Based on these figures, thewestern part of the area is high in CO2 gas
content, and the east is dominated by CH4 (Fig. 4). Gas contents increase
and then decrease with depth in both areas, regardless of composition
(see next section). Temperature distribution at a specific strata horizon
also shows a gradual increase with depth (Fig. 5), however, some vari-
ation in trends is apparent, particularly in the region immediately
west of the central fault zone where a zone of increased temperatures
is apparent. This area coincides with a localized ‘seam roll’ or rise in
seamfloor elevation (Fig. 3). Thewestern area is higher in surface eleva-
tion than the east (Fig. 3), but both areas host the same sequence of stra-
ta which is dipping to the south and southwest.
3.1. Vertical profile variation
Both temperature log and gas characteristics vary with depth, and
changes occur in discrete zones. Fig. 6 displays a series of borehole pro-
files that demonstrate these characteristics. Gas content increases and
then decreases with depth in both main gas types, however, the domi-
nant gas is different in boreholes from the east or the west of the area.
In western boreholes, CH4 content increases to a particular depth
where it decreases abruptly to near detection limits; whereas CO2 con-
tent increases further to a deeper horizon. Below this zone, CO2 contentFig. 8. Examples of different temperature profiles over the same strata sequence. Density logs i
seam correlated across the region is shown by arrows on each log for reference.declines and CH4 content increases again. In eastern boreholes, the gas
content profile is similarly parabolic, with an increasing and then de-
creasing trend above and below a peak gas horizon; however, the gas
composition is dominated by CH4, with only minor CO2 present at
depth. For a more in-depth discussion of the characteristics and origins
of these gas zones, see Burra et al. (2014 a,b).
The relationship between the two gas tends with depth can also be
viewed as the difference in gas content between the two gases. Fig. 7 il-
lustrates that even though the total gas content in the west is greater
than in the east, the difference between the two gases also increases
and then decreases with depth. Further, on an area basis, the transition
between the CO2 and CH4 dominant regions is gradual and not abrupt as
the contourmap at a single strata horizon indicates. In this presentation,
the difference in gas contents between the two gas types decreases to
near zero in the central (‘switch-over’) region, even though the total
gas contents in this area are close to 10 m3/t (Fig. 7 and Fig. 6).
The temperature profiles shown in Fig. 6 also exhibit a series of con-
sistent and zoned trends with depth. The upper parts of the boreholes
display a concave upward trend, indicating meteoric water influx
(Anderson, 2005). Below this interval, a convex down or a uniform lin-
ear section occurs on the logs from the west, but an undulating linear
trend in the east. Inevitably, all log trace segments show some level of
undulation due to the variation with lithologies within the strata; how-
ever, like temperature profile sections do not cover the same strata se-
quence. Indeed, markedly different temperature log responses can be
observed over identical strata sections, and an example is shown in
Fig. 8. In this figure, the position of a regionally extensive coal seam is
shown by an arrow on each borehole density log with the correspond-
ing temperature log depicting varying trends over the same strata inter-
vals. This demonstrates the importance of interpreting temperature logs
in the context of the local geological environment but shows the poten-
tial to derive information pertaining to the in situ flow regime.
4. Discussion
Analysis of wireline temperature profiles against depth yielded a se-
ries of common features. These were categorized into three distinct
type-curves that are described below and interpreted with respect to
water flux. Typical examples of the three type curves are shown in
Fig. 8 and Fig. 9.llustrate the lithological variability over the corresponding intervals. The position of a coal
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profile) down to approximately 200 m depth, followed by discharge
(concave downwards) into the borehole below this horizon. Below
this section (approx. 350 m in Fig. 9), bedding parallel flow is indicat-
ed by undulating temperature log slope.
• Type 2 = Constant, overall moderately low, linear geothermal gradi-
ent down to ~300–350m, withminimal variance in the gradients be-
tween lithotypes, indicating either tight strata sequence or significant
hydraulic communication between layers. Extensivemineralization in
cleats and very high CO2-dominated gas content suggest tight geolog-
ical conditions.
• Type 3= Higher overall thermal gradient than in types 1 and 2; with
evidence of along bedding flow (undulation in gradient over different
lithological units) overprinting broad concave upward pattern at the
upper section and convex downward pattern in the lower section of
the strata. This indicatesmore open hydraulic connectivity horizontal-
ly and vertically than types 1 and 2.
The temperature log type-curve analysis yielded amapof spatial dis-
tribution of the three categories in the study area. Fig. 5 suggests that
there is no obvious relationship between the location of temperature
log types and the temperature distribution at the target coal seam hori-
zon; however, there appears to be some connectionwith surface topog-
raphy and geology (Fig. 3). Type 1 and type 2 boreholes occur in the
west, with type 2 boreholes often associated with elevated areas,
whereas type 1 boreholes are more likely located in lower or sloping
terrain. Type 3 boreholes occur in the eastern plains.
More importantly, type 1 and type 2 boreholes are associated
with the high CO2 gas content regions, and type 3 boreholes occur in
the CH4-rich area. This is an important observation because manyFig. 9. Geothermal gradient type curves in study area.conditions that normally affect temperature logs are similar across
both areas. For example, distance to the bedding crop line is similar in
both areas (Fig. 2), and the same sequence of strata is intercepted by
the boreholes. The pore pressure gradient is hydrostatic in the northern
Sydney Basin (Burra et al., 2014b), although data from the CO2-rich re-
gion are under-represented. Groundwater salinity is relatively low and
constant at around 5000–7000 μS/cm between the shallow alluvium
and approximately 300mdepth (McLean et al., 2010a), however higher
salinity occurrences associated with high CO2 gas reservoirs have also
been identified regionally (AGL, 2012; Parsons Brinckerhoff, 2012).
The principal difference between the CO2 and CH4-rich parts of the
study area is the extent of cleat or fracture mineralization, with the
western CO2-rich area hosting significant carbonate mineralization
whereas the eastern CH4-rich reservoirs contain open cleats and
fractures.
Temperature log responses reflect these observations with large
concave upward sections indicating meteoric influx present in the
upper parts of boreholes in the eastern type 3 area, and thick intervals
of ‘tight’ linear gradients in much of thewest (type 2). Type 1 boreholes
also contain concave upward sections near the surface, but these are
then underlain by either linear intervals or convex down sections indi-
cating upward flow or mid-strata circulation. Both of these tight seg-
ments coincide with CO2-rich gas accumulations, however, the rate of
increase in the CO2 content with depth is greater in the convex down-
ward intervals than in the linear sections, which depict gradual increase
in CO2 contents (and higher total gas contents). Below these tight sec-
tions in borehole types 1 and 2, the temperature log traces show in-
creased undulation which is indicative of bedding parallel flow, and
these are associated with decreasing CO2 contents and increasing CH4
concentrations. In contrast, type 3 boreholes experience extensive me-
teoric influx to greater depths where groundwater flow along bedding
is directly accessed. Resultantly, CO2 contents are significantly lower
or not encountered, and gas contents are dominated by CH4 from
near-surface to the base of the boreholes. These trends are shown in
Fig. 6 and Fig. 10.
The largely three-stage hydrodynamic setting in the vertical plane
describes a geometry where influx of external source fluids is retarded
by compartmentalized formation water circulation in internally closed
and then open cells. This open–closed–open vertical flow system coin-
cides with some aspects of the gas compositional layering documented
across the Sydney Basin (e.g. Burra et al., 2014a; Pinetown, 2010;
Thomson et al., 2008). The trend in gas composition of shallowmethane
followed by deeper CO2-rich zone and finally a thermogenic methane-
dominated reservoir strongly mirrors that of the hydrodynamic setting
described herein.
This representation is in line with expected hydrochemical process-
es where shallow methanogen-hosting meteoric water influx provides
conduit for the replacement of CO2 gas by biogenic methane. Below
this horizon, the CO2-rich layers are not penetrable (as yet) due to the
extensive cleat and fracture mineralization as well as the much higher
partial gas pressures provided by the presence of the larger molecule
gas in the coalmatrices. Below this zone of low permeability, conditions
appear less locked up where CO2 compositions once again decline due
to the presence of more saline formation waters associated with the
thermogenic gas reservoir at depth (Burra et al., 2014a).
Although this style of hydrogeological assessment of coal seam gas
distribution using temperature logs was applied successfully in the
current study, consideration must be given to the geological and
hydrogeological settings in other areas. This is because heat flow in
the upper crust is via both conduction and convection, and this style
of temperature log assessment may only be applicable to convection
style heat transfermechanismswhere substantial water flow or circula-
tion occurs. Nevertheless, many of the coal seam gas reservoirs in
Australia and around the world occur in the shallow part of the litho-
sphere with significant volumes of biogenic gases controlled by hydro-
dynamic processes (e.g. Ayers and Kaiser, 1992; Pashin, 2007; Scott,5-9
Fig. 10. North-south cross-section across the CO2-rich western area that depicts a number of different temperature profile type-curves. Boreholes used in the section line are shown in
Fig. 5. Note: Only 5 key coal seams are shown for clarity.
76 A. Burra et al. / International Journal of Coal Geology 143 (2015) 68–772002), and as such, the analyticalmethodmay also assist in the explora-
tion and understanding of other coal seam gas provinces.
5. Conclusions
Groundwater flow is commonly monitored and analyzed with the
use of wireline temperature logs (Anderson, 2005; Prensky, 1992;
Saar, 2011), and hydrogeology is often related to coal seamgas accumu-
lations (Pashin, 2007; Scott, 2002). This study implemented commonly
used temperature interpretation methods to delineate coal seam gas
characteristic changes with depth and across a study area from the
northern Sydney Basin in Australia. There are three different types of
temperature log patterns documented in the area of interest (Fig. 9).
These show that the upper parts of the boreholes experience various
levels of meteoric influx, followed by the presence of hydraulically
isolated or conducive sections depending geological conditions, particu-
larly pertaining to the extent of mineralization in cleats and fractures.
The middle section of the boreholes is further underlain by intervals
experiencing bedding parallel flow and/or more open circulatory se-
quences at the base of the boreholes. The tight or closed mid-borehole
sections are not present in the eastern part of the area which is lacking
in mineralization and significant CO2 concentrations. These three main
flow regimes correspond to the gas compositional layers of biogenic
methane, deep CO2 and thermogenic methane zones, respectively, and
thereby offer a method in which temperature logs can be effectively
used in delineation of gas regimes in some geological settings. Given
that many other coal seam gas reservoirs are controlled by hydrody-
namics and experience gas compositional zonation, these methods
may be applicable to other basins around the world.
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6. SYNTHESIS AND DISCUSSION  
 
The objectives of this thesis were to investigate the origins and control on coal seam gas 
distributions in the Sydney basin, as well as examine the potential use of wireline 
temperature logs in delineating gas regimes in the subsurface.  
 
Gas distribution and origin 
The first study and paper established the baseline gas characteristics and distributions of 
different regions in the Sydney Basin and their relationship, or otherwise, to the geological 
setting. This analysis uncovered a strong hydrogeological link to both the origins and 
entrapment of gases. It was found that the gas distribution in the basin was ‘layered’ in a 
manner where biogenic methane accumulations existed to as great a depth as 800m. This 
was supported by porosity and permeability data provided by Blevin et al. (2007) as part of 
their regional study to examine the CO2-sequestration potential of the basin. This data 
suggests that methanogen-bearing meteoric influx is possible to depths of around 800-
1200m. Below these depths, both porosity and permeability stabilise and are considered 
too low for significant fluid or gas migration. Additionally, carbon isotopic evidence showed 
that δ13C-CH4 values become less negative with increasing depth, with values ranging 
from approximately -80 to -50‰ (Burra et al., 2014a). Carbon isotope values stabilised 
around what are considered to represent the thermogenic hydrocarbon gas range (-50 to -
35‰) from around 800m depth, supporting the above interpretation of the influence of 
meteoric influx terminating in the vicinity of this horizon. This part of the analysis is 
consistent with previous models presented for various parts of the basin where 
thermogenic gases were supplemented by shallower biogenic methane accumulations 
(Faiz and Hendry, 2006) and gas layers cross-cut the strata bedding (Thomson et al., 
2008). However, the model developed in this thesis disagrees with these studies on the 
likely source of the deep CO2 gas accumulation that exists between the biogenic and 
thermogenic gas zones in some areas. 
 
The origin of the CO2-rich gas has been subject to much discussion in the literature. In 
general, the CO2 is considered to be the result of deep-seated magmatic influences (Faiz 
and Hendry, 2006; Smith et al., 1992) or to have been introduced by the extensive Tertiary 
volcanic activity experienced by the region (Thomson et al., 2008). Other possible sources 
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including carbonate dissolution (and re-precipitation) (Faiz et al., 2007) and thermal 
degradation of carbonates (Smith et al.,1992) have also been suggested and dismissed 
based on the evidence at that time pointing to a magmatic origin, namely δ13C-CO2 values 
ranging from -9 to -3‰ (Hoefs, 1973; Smith et al., 1982). This interpretation, however, was 
reviewed as part of this thesis and Paper 1 showed that the carbon isotope ranges vary 
more widely than commonly reported, and that many δ13C-CO2 values fall outside of the 
typical magmatic origin range. Further, the δ13C-CO2 values increase from approximately -
20 at shallow levels to +15‰ at deeper levels, similar to that observed with the δ13C-CH4 
trend. δ13C-CO2 values stabilise around 0 to +10‰ below approximately 800m depth. This 
δ13C-CO2 range has been interpreted to be related to “thermal decomposition of carboxyl 
groups“ (p 122, Smith et al., 1982) or decarbonation reactions (Shieh and Taylor, 1969). 
However, methanogenesis (acetate fermentation and carbonate reduction) can also 
produce 13C-enriched CO2 (Scott and Hamilton, 2006; Scott et al. 1994). Similarly, 
between 450-800m depth, δ13C-CO2 values are around 0‰ although they range more 
widely in this zone and cover almost the full range of values from -28 to +9‰. Additionally, 
the deep CO2 concentrations can reach up to 25 m3/t, and near 100% in composition 
(Burra et al., 2014a), far greater than typical thermogenic source concentrations of under 
2% (Smith and Gould, 1980; Smith et al., 1982). Therefore, other origins must also be 
considered as source of the deep and high concentration of CO2 in the Sydney Basin 
(Burra et al., 2014a). 
 
Further evidence to support this conclusion derives from observations that CO2 often 
occurs in areas with no history of igneous activity, and conversely, many extensively 
intruded areas are devoid of CO2 accumulations (Gurba and Weber, 2001). Natural 
evolution of groundwater chemistry along the gravity-assisted hydrostatic flow path 
encompasses freshwater with abundant positive cations (e.g. Ca and Mg) and bicarbonate 
that transforms via mineral leaching and precipitation to contain negative cation (e.g. K 
and Na) and bicarbonate, and finally sodium chloride (saline water) (Runnells, 1993). In 
this manner, freshwaters originating in highland recharge areas are capable of dissolving 
existing (and abundant) carbonate mineralisation, including dawsonite (Golab, 1993), and 
re-precipitating it further along flow path as the groundwater becomes more saline 
(Runnells, 1993). These down-gradient locations can be at lower elevations (e.g. in 
discharge areas) or in deep (upwelling, geo-pressured) saline water-bearing strata where 
the fresh groundwater may have been able to penetrate via vertical fracture systems such 
as those found along extensive basin margin monoclines in the Sydney Basin. In such 
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instances, the rapid mixing of the deep saline and shallow fresh waters results in the 
precipitation of carbonate minerals in cleats and fractures in a hydrodynamically closed 
system, and excess bicarbonate may be liberated from the groundwater in gaseous CO2 
form that adsorbs onto the host coal formation matrix (Burra et al., 2014a). The 
significance of this is that a wholly magmatic origin for the CO2 does not account for the 
many examples from around the basin containing no CO2 gases in the vicinity of highly 
intruded strata, and other regions with no significant igneous disturbance hosting near 
100% CO2 concentrations. The dissolution hypothesis accounts for these occurrences 
because deep CO2 gas is chiefly present in basin margin (highland) areas where 
freshwaters can penetrate to greater depths along fractures and upturned strata in regional 
monoclines than in other areas in the deeper part of the basin. Hydrochemical evidence 
shows that the down-gradient locations are more saline and Na or Cl-rich in composition 
which is incompatible with holding significant bicarbonates in solution.   
Secondary methanogenesis in the Sydney Basin principally occurs via the CO2-reduction 
pathway (Smith et al., 1992) but there is also evidence for acetate fermentation taking 
place at various horizons (Burra et al., 2014a).  
These methanogenic and carbonate dissolution processes create a number of apparent 
layers within the subsurface that are not related to the stratigraphy. A series of peak gas 
horizons are identified in individual borehole profiles that map out a regionally continuous 
horizon at around 500-1000m depth. This horizon cross-cuts stratigraphy and is traceable 
across structural domains, and it is not limited to any particular gas compositional 
environment.  Peak methane concentrations occur at the base of what is considered to be 
the zone of hydrostatic-only flow, which is also marked by the first appearance of 
thermogenic ethane in the borehole profile. This ethane horizon appears abruptly and 
represents the upper extent of the geo-pressured flow zone. To clarify, this means that 
there is still some biogenic methane adsorbed on the coals below this horizon (in the 
mixed gas zone), but it occurs together with thermogenic gases associated with upwelling, 
deep saline waters. That zone can also host deep CO2 as well, and the lowermost limit of 
both the CO2 and the meteoric influx is the horizon below which there are only 
thermogenic gases present. This is the top of the geopressured-only flow zone, but as with 
the meteoric influx, some thermogenic gases (and geo-pressure waters) can reach depths 
as shallow as 450m, marked by the first appearance of ethane, just below the hydrostatic-
only flow zone.  
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The identification and explanation of these zones and the incorporation of the 
hydrogeological regime into coal seam gas considerations represent new contributions to 
the Sydney Basin gas distribution discussions. Previously, gas distributions were only 
considered in local and isolated context and attempts were made to transport some of 
those concepts to other areas (Creech, 1994; Faiz and Hendry, 2006; Pinetown, 2010; 
Thomson et al., 2008). However, an overarching framework for the basin remained 
unexplored, and the findings of Paper 1 fills this niche.  
 
Stress regime 
As part of these investigations, a further layer of complexity became apparent. If the 
hydrogeology controls the gas distributions, how is this flow regime facilitated in the 
subsurface? Fluid and gas migration both respond to the permeability in the geological 
environment. In addition to hydraulic flow in sandstone aquifers, migration takes place 
along existing fractures and discontinuities in the strata fabric, including along cleats in 
coals. Therefore, the regulation of these conduits and their orientation with respect to the 
prevailing stress regime is a major factor in determining the hydraulic connectivity, or 
otherwise, of a hydrogeological system and its potential for developing gas accumulations. 
It was hypothesised that some facet of the stress regime could be an important component 
in controlling the main fluid migration pathways in the strata, and investigations presented 
in Paper 2 revealed that the differential horizontal stress (and stress isotropy) played a key 
part in the observed gas zonation within the subsurface.  
 
This stage of the project built on earlier findings that effective stress in coals has an 
inverse relationship with permeability (Enever and Henning, 1997; Gray, 1987), and that 
“cleat apertures may change as effective stress is altered in coalbed methane reservoirs” 
(p 179, Laubach et al., 1998). An open-file in situ stress dataset was collated, 
supplemented by a private pore pressure dataset from a northern Sydney Basin gas field. 
It was demonstrated from this data that the pore pressure magnitude increases linearly to 
around 320m depth where it changes noticeably. This approximately coincides with the 
depth where significant gas concentrations first appear in the subsurface. The pore 
pressure continues to increase below this point but at a steeper gradient and this has an 
influence on the effective vertical stress, which is only marginally greater than the pore 
pressure magnitude at a given depth. This relationship changes at around 650m depth 
where the pore pressure equals and then exceeds the effective vertical stress magnitude. 
6-4
 The significance of this is that where the pore pressure within the rock pores exceeds the 
weight of the overburden strata, the rocks are at a critical failure point and principal stress 
realignment takes place – either by faulting, or shearing along bedding planes. This is 
demonstrated in the horizontal stress anisotropy trend with depth, where the magnitudes 
increase linearly to approximately 200-400m depth, below which they stabilise despite the 
increase in total stress magnitudes for all principal stress components. At 650m depth, 
however, there is a marked change in the horizontal stress anisotropy, with the two 
horizontal stresses becoming almost equal in magnitude despite having been strongly 
anisotropic in the strata above this horizon. The anomalously low differential horizontal 
stresses continue to 850-900m depth below which strongly anisotropic conditions return 
and individual horizontal stress component magnitudes reach the highest levels observed 
in the dataset.  
These key stress discontinuity boundaries coincide with the main gas zone boundaries 
introduced in Paper 1. The peak gas content horizon coincides with the top of the low 
anisotropy zone at 650m, and the first appearance of ethane also occurs just below this 
point. The mixed gas zone is located in the low horizontal stress anisotropy layer, and 
hydrostatic flow conditions cease at ~800m depth in line with the return to the high 
anisotropy environment in the stress profile around 850-900m depth. These findings 
demonstrate not only the strong inherent connection between the in situ stress 
environment and the gas distribution in the basin, but also highlight the layered nature of 
both regimes that are independent of stratigraphic horizons or inherent rock properties. 
This supports other similar reports of cleat domains cross-cutting stratigraphy in West 
Virginian coals, where Kulander and Dean (1993) observed that “joint domain boundaries 
can extend downward through rocks of different lithologies, as well as coincide with 
conformable and unconformable stratigraphic boundaries” (p 1374). 
 
Coupled in situ stress – gas zones 
Therefore, four main coupled in situ stress – gas zones are identified in the Sydney Basin 
for the first time that respond to increasing levels of confinement and associated strata 
effects. These are: 
1. A shallow near-surface horizon where partially unsaturated and oxidised layers form 
a sequence in which gas contents and compositions as well as stress magnitudes 
6-5
commonly increase linearly with depth. This horizon generally reaches down to 100-
300m depth. 
2. The next deepest zone displays more stable or confined conditions that continue to 
experience increasing stress magnitudes and gas contents with depth. These tend 
to increase in intervals of strata of tens of metres at a time as described by Burra 
and Esterle (2012) in the central Hunter Valley. This type of stepwise increase 
relates to both stress and gas characteristics, including up to 50-100m interval 
‘jumps’ in gas content ranges as well as stress magnitudes. The gas composition of 
this zone is of biogenic methane.  
3. The mid-section of the sequence of interest in this study is the mixed gas zone. This 
segment is characterised by a decline in the extent of methanogenesis and the 
increasing presence of inorganic and thermogenic gases. The stress character of 
this zone is conducive to the mixing of meteoric and deep formation fluids and 
gases due to the marked reduction in differential horizontal stress magnitude and 
an associated increase is stress isotropy (or decrease in anisotropy). This zone also 
experiences pore pressures that exceed the effective vertical stress magnitude, 
resulting in increased fracturing or buckling of strata, which combined with the 
increased horizontal stress isotropy accommodates movement more readily along 
bedding and planes of weakness.  
4. Finally, the deep high stress magnitude and isotropy zone hosts the thermogenic 
(including wet) gases and saline formation waters.  
 
Temperature logging 
Given that the zone boundaries described in the previous sections are such evident and 
wide-ranging markers, they would be expected to be discernible on wireline geophysical 
logs. The temperature log in particular had previously been identified as a potential tool for 
the delineation of gas characteristics in the subsurface (Burra, 2011) but the cause of this 
connection was not understood. Temperature logs measure the temperature of the 
formation fluid after a period of equilibration within the borehole. This period is dependent 
on the lithologies present in the borehole as well as the total depth of the borehole. 
Equilibration periods range from hours to months in different parts of the world and under 
different conditions (Davis, 2012; Hill, 1990; Kayal and Christoffel, 1982; Mwenifumbo, 
1989, 1993; Rider, 2002).  
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The temperature log displays a series of changes in gradients that respond to strata 
thermal conductivities as well as external influences, including regional water and heat 
flow (Hill, 1990; Prensky, 1992; Serra, 1984). Thermal gradient changes occur on many 
scales; on the immediate fine scale, the logs show thermal conductivity and permeability 
changes between alternating sequences of lithological layers. At intermediate scales, the 
background gradients can show effects responding to heat and water flow trends, and 
these in turn form large scale trends that mark the changes in stress conditions that affect 
the hydrogeology and associated gas characteristics. Therefore, the larger scale 
(background) graduations could delineate the different boundaries of the four main gas 
compositional and stress zones.  
In the shallow lithospheric crust, where advection via groundwater circulation is the 
dominant heat transfer mechanism (e.g. Anderson, 2005; Bjorlykke, 1993), the deviation 
from a background thermal gradient is a critical component of the interpretative process. In 
geological sections with a lot of lithological changes (such as sedimentary sequences), this 
can result in the appearance of an ‘undulated’ thermal gradient from rock type to rock type. 
However, communication between layers is apparent where like lithologies still exhibit 
overall similar (or identical) gradients even with, for example, a less permeable horizon 
between them. Therefore, the extent of amplitude of the undulations can be indicative of 
communication across the various lithologies and indicate an overall open hydrodynamic 
system. On the other hand, a thermal gradient that shows minimal or no deviation from a 
linear background profile is indicative of a closed or low permeability system where strata 
are compartmentalised and limited vertical hydraulic connectivity is present.  
In this way, it is possible to map a series of zones that represent various hydrogeological 
conditions and related stress and gas zonation. This then allows for the delineation of 
spatial domains exhibiting the same overall downhole characteristics. This kind of analysis 
is very useful for gas reservoir characterisation, exploration planning and production 
forecasting. Further, it is also of use in the coal mining industry, not only for gas drainage 
for safety purposes, but also for assistance with estimation of fugitive emissions from open 
cut coal mines, where direct measurement of gas emissions is not possible (Williams and 
Yurakov, 2003; ACARP, 2011). 
A case study utilising this type of analysis is presented from the northern Sydney Basin 
(Paper 3) where two distinct gas domains are located east and west of a local fault zone. 
The eastern area hosts a biogenic methane reservoir, whereas the western area is 
dominated by CO2 concentrations of up to 25 m3/t (at near-100% CO2 composition). The 
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CO2-rich area is heavily mineralised with carbonate minerals in cleats and joints, but the 
methane-rich area is largely devoid of mineralisation and displays many open cleats and 
fractures. Temperature logs for the two domains show markedly different patterns, with the 
methane rich domain displaying undulations of different amplitudes in different gas content 
zones, whereas the CO2-rich area shows little deviation from the linear background 
thermal gradient.  
In both domains, however, apparent zonation with depth is present. In the hilly western 
area, meteoric recharge occurs down to around 100m depth below which low permeability 
conditions prevail. In the lower altitude eastern area, the potentiometric horizon is closer to 
the surface and the undulations on the log trace start from these shallow depths to ~300m. 
Below 300m in the east, however, the CO2 composition of the coal seam gas starts to 
increase slightly and this is accompanied by a reduction in undulation on the log trace, 
even though the CO2 composition is only around 20-40%. This would indicate that the 
whole region had previously been affected by significant CO2 accumulations but much of 
this has since been converted to CH4 by methanogens. This is in agreement with earlier 
findings that much of the methanogenesis in the Sydney Basin has taken place via the 
CO2-reduction pathway (Smith and Pallaser, 1996; Faiz et al., 2003). Increased CH4 levels 
are also evident in small parts of the western CO2-rich area which are affected by 
increased fracturing in the vicinity of a weathered dyke and sill (see Paper 2 – Burra et al., 
2014b).  
Limited gas data from deeper horizons indicate that the western area in particular 
experiences a reduction of CO2 concentrations below a peak CO2 horizon, in line with the 
parabolic gas content profile with depth reported in Paper 1. This is also mirrored on the 
temperature log traces from this area, where some deeper boreholes show an increase in 
undulation in the thermal gradient as the CO2 composition decreases below the 
hydraulically restricted or compartmentalised interval in the majority of the CO2-rich region 
(see Paper 3 for detail). 
 
Implications and recommendation for future work 
One of the key contributions of this research is that it provides a holistic view of not only 
gas distribution in the Sydney Basin but a snapshot of a complete geological system – the 
container and the movement and characteristics of the fluid and gas components within it 
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– as well as a methodology to detect and identify the various facets of the system. This 
methodology is transportable to other basins and regions experiencing meteoric recharge 
and bacterial methanogenesis, the interaction of hydrostatic and geo-pressured formation 
water flows, or cross-stratigraphic stress or gas zonation. The tools presented here for the 
examination of these facets allow for a holistic analysis of reservoir systems. This is 
beneficial in many applications and should be incorporated into gas exploration and 
production programs.  
There are some unanswered questions, however, particularly pertaining to the 
understanding of groundwater flow regimes and the water quality parameters discussed in 
this work. More work should be carried out probing the relationship between coal seam 
gas composition and host formation water chemistry following examples presented by 
Golding et al. (2013), Kinnon et al. (2010) and Pashin et al., 2014. Such studies are 
lacking in the Sydney Basin and would benefit the clarification of the model presented in 
Paper 1 (Burra et al., 2014a).  
Regional lithological information, correlation and modelling work in the basin is not widely 
accessible. Raw data in the form of written reports or typed geological logging (in pdf) are 
available through the NSW Department of Trade and Investment website; however, these 
(particularly, older boreholes) are not available in useable digital formats conducive to 
generating lithological profiles or regional cross-sections of borehole data and loading into 
various modelling packages. Some researchers may have processed some of these data, 
but digital lithological or formation pick files are not normally released, even where formal 
reports are prepared (e.g. Scott and Hamilton, 2006; Blevin et al., 2007; Douglass and 
Kelly, 2012).  
Similarly, open-file pore pressure and in situ stress information is deficient and does not 
allow for the in-depth investigation of the zonation in the various parts of the basin. In 
particular, direct evidence pertaining to the stress layering in basin margin areas should be 
confirmed with new data where possible. Existing (recent) publically available information 
is inconsistently reported and some results show order of magnitude differences between 
service providers (and specific, or propriety, methods used to measure and/or calculate 
stress or pore pressure magnitudes). Further, principal horizontal stress orientation data 
would be beneficial for the investigation of stress anisotropy with depth and in various 
areas. Unfortunately limited and inconsistent datasets did not allow an in-depth analysis in 
this study, but initial enquiries on data representative of only a small part of the basin 
showed promise with the general orientations lining up with the stress zones presented in 
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Paper 2 (Burra et al., 2014b). Future work would also benefit from examination of any new 
carbon isotope and water quality data pertaining to prevailing gas regimes (similar to those 
presented by Pashin et al., 2014), as these become more widely available through water 
monitoring and compliance testing work carried out by CSG companies. 
In terms of temperature log interpretations for coal seam gas reservoir delineation, the 
introduction of this tool and accompanying analysis technique is a novel and new 
approach. While successful in the case study presented in this work (Paper 3) and 
elsewhere (Burra, 2011), its usage in the recommended capacity may require further 
testing, demonstration and confirmation, especially under different geological and gas 
reservoir settings and circumstances.  
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7. CONCLUSIONS 
1. Reservoir characterisation requires a holistic approach of all controlling 
parameters. In particular, the host geological setting and the principal gas 
emplacement mechanism must be investigated.  
2. The Permo-Triassic coal-bearing Sydney Basin of eastern Australia provides an 
excellent setting for testing many coal seam gas hypotheses due to its varied 
geological environments hosting fluvial, marine and igneous strata, as well as an 
abundance of gas volumes, types and origins in the different regions of the basin. 
Additionally, groundwater chemistry and flow regime is also varied and provides a 
setting to study the full evolution of groundwater from fresh to saline formation 
water and associated mineralisation and gas compositions. 
3. Investigations uncovered a series of extensive gas zones that appear to be 
controlled by hydrogeological factors. The origins of these zones have been 
discussed and clarified using carbon isotope data. Near-surface oxidised horizon 
host various gas types, predominantly nitrogen and CO2. In the (groundwater) 
saturated zone from ~50m depth, biogenic methane is introduced by meteoric 
influx and the extent of this infiltration can reach up to 800m depth as evidenced 
by isotope and porosity-permeability data. Below or overlapping the base of this 
zone, a deep and high volume CO2 zone exists in inland and recharge areas, 
likely originating from carbonate dissolution and re-precipitation via evolving 
groundwater chemistry along flow path from elevated meteoric recharge areas. 
Due to increasing groundwater salinity towards discharge areas, particularly 
around the eastern seaboard, the presence of the CO2 volumes is limited. This 
consideration recognises some CO2 accumulations in the Southern (i.e. Illawarra) 
Coalfield which is located along the southern Sydney Basin coastline, but is in an 
elevated basin margin locale experiencing meteoric recharge from the Southern 
Tablelands dipping towards the inland region, emerging via the inland and central 
Sydney Basin drainage system. Thermogenic hydrocarbon accumulations 
(including wet gases such as ethane and propane) persist in the deep parts of the 
basin at depths greater than ~800m. These accumulations are accompanied by 
saline formation waters. 
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4. The existence of the gas zones means that a series of zone boundaries are also 
present, and these and their respective controlling phenomena are identified as 
follows. The base of the shallow oxidised zone is the top of the water saturated 
zone (or the base of the vadose zone). The biogenic and deep CO2-rich zones 
terminate at the lowermost extent of the hydrostatic meteoric influx ceases. This 
coincides with the top of the upwelling, geo-pressured-only water flow of the 
thermogenic gas zone. In addition, there is another important boundary in the 
subsurface, the peak gas horizon. This marker represents the base of the gravity-
driven hydrostatic-only groundwater flow. It is underlain by the first appearance of 
ethane in the vertical profile which in turn represents the upper most extent of the 
geo-pressured saline formation waters. These boundaries form the shallow 
biogenic, mid-extent mixed gas and water, and deep thermogenic gas zones.   
5. In situ stress investigation shows that these gas zones are related to a series of 
stress zones cross-cutting the stratigraphic layers in the basin. The shallow 
horizons associated with meteoric influx experience linearly increasing horizontal 
and differential horizontal stress magnitudes. These conditions stabilise around 
200-400m depth, although pore and effective vertical stresses continue to 
increase through this interval to a depth of approximately 650m depth. At this 
horizon, effective vertical stress overcomes pore pressure magnitude, and causes 
unstable conditions accompanied by stress release and accommodation which is 
also signalled by the abrupt decreases in both differential horizontal stress 
magnitudes and associated stress isotropy. This indicates significant along 
bedding or fracture readjustment of in situ stresses over an interval of 
approximately 200m. Below this interval, absolute and differential horizontal stress 
magnitudes return to and exceed levels observed at the shallower than 650m 
depth horizons. The transitional and deep, high stress zones coincide with the 
mixed and thermogenic gas zones, respectively. The transitional stress zone 
conditions are conducive to the mixing of host formation waters and associated 
gas types with the lowered stress magnitudes and non-preferential permeability 
direction. Fractures ensure adequate mixing in the vertical plane as well as 
laterally along being and shear planes. 
6. The detection of these layers via geophysical means is possible. Wireline 
temperature logging, a routine exploration logging tool, detects temperature 
changes in formations due to varying thermal conductivity of different rock types 
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and groundwater flow within the subsurface. The variance due to lithological 
changes can be ascertained by correlating the particular features and anomalies 
on the temperature log with geological core (or chip) logging, or other geophysical 
log traces (for example, density and gamma). Remaining overall gradient changes 
alert to groundwater movements, with downward movement depicting a concave 
upward temperature curve shape, and upward flow showing a convex upward 
trace. Overall, large scale (or background) gradient changes inform of the coupled 
stress-gas zonal changes, but within each zone, minor changes can imply further 
zonation with the regional trends, which result in moderated (or stepped) gas 
content changes. Temperature type-curves can be identified for regions to assist 
with the spatial delineation of likely gas and stress domains. In the northern 
Sydney Basin case study region (Paper 3), type-curves delineated areas of 
varying meteoric influx, resulting in the development of highly CO2-rich and CH4-
rich domains. Additionally, the temperature log identified some partially infiltrated 
portions of the CO2-rich domain resulting in lower CO2 concentration in strata in 
lower stress areas as the extent of meteoric influx increased along fractures.  
7. Therefore, this study demonstrated the overall controls on gas distribution in the 
Sydney Basin, with the identification of previously unexplained gas zones and 
associated boundary controls. Further, it produced a successful and inexpensive 
method that can be employed for the delineation of these zones from the 
temperature log. Because the geological and gas distributions observed in the 
Sydney Basin are not unique, some or all of these methods and delineation 
techniques may be transportable to other sedimentary basins around the world. 
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ABSTRACT 
Trends in gas content and corresponding composition data were investigated for the central 
Hunter Valley region. Although gas contents generally increase with depth, they do so in a 
stepwise pattern for a given borehole. The magnitudes of the step change vary across the 
region, and can be related to mappable geological features. The relationships are interpreted to 
reflect changes in pore pressure that facilitate gas sorption, through changes in relative stress 
around geological structures. These relationships can be utilised to delineate areas of similar 
gas trends, commonly referred to as domains, that assist with gas exploration planning, 
development of gas projection models and gas in place assessments. Domains and their 
boundaries are constructs that are often subjective, and may change in detail with different 
data densities.    
 
INTRODUCTION 
The Australian Coal Association Research Program (ACARP) has recently published 
guidelines designed to aid with the estimation and reporting of fugitive emissions from 
opencut coal mines. Fundamental to this aim is the development of methods for drilling and 
testing to derive confident estimation models of in situ coal gas volumes that may be released 
as a result of mining.  
 
All models are based on underlying sets of observations and interpretations. Drilling for gas 
content testing tends to be sparse in comparison to that for coal quality and seam thickness 
and location. Therefore predictive models, or correlations between parameters, are commonly 
used to extrapolate information for “Gas in Place” estimations.  It is not possible to 
completely drill out the subsurface, so to reduce uncertainty in such models, the relationship 
between the model parameters, and regional to local geologic framework and gas distributions 
can be helpful in determining the extent of their application.  
 
This paper presents gas content trends in the central Hunter Valley region of the Sydney 
Basin, and relates them to regional and local geological features that influence their 
distribution.  Understanding the lateral continuity of gas content distribution will assist in 
designing drilling programs and reducing the uncertainty in gas resource estimations, whether 
for commercial extraction, mine site drainage, or fugitive emission estimations. The approach 
used in this study is transportable to other coal basins in Australia and elsewhere. 
 
BACKGROUND 
The Hunter Valley is part of the Sydney Basin, which formed in the Permian in a foreland 
basin setting (Glen and Beckett, 1997). The principal direction of influence from the east - 
northeast has defined the main tectonic features observed in the form of the Hunter-Mooki 
Thrust zone and related geological features such as the Rix’s Creek and Bayswater Synclines 
and the Camberwell Anticline (Figure 1). Later regional faulting (SW-NE) and igneous 
intrusive events have continued to shape the more detailed aspects of the geological setting 
observed today.  
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The gas regime in this area is partially shaped by the evolution of this tectonic setting, and is 
complemented by the petrological characteristics of the clastic and coal-bearing sediment 
sequence (e.g. Faiz et al, 2007). These two elements have combined to influence groundwater 
migration patterns and associated gas dispersal and/or emplacement throughout the basin 
development (e.g. Scott, 2002).  
 
Current understanding of the Sydney Basin gas regime has developed from early work by 
Williams (1991) and Faiz (1993), and has been progressed by Faiz & Hendry (2006), 
Thomson et al (2008) and Pinetown (2010), amongst others. Overall, these works outline a 
Sydney Basin coal gas development scenario where original thermogenic gases have mostly 
escaped from horizons that are less than 500m depth today, during tectonic uplift and 
subsequent erosion. These horizons were then replenished by magmatic CO2 and/or biogenic 
CH4 gases in more recent geological history. This resulted in a sub-horizontal layering of gas 
origin trends that cross inclined stratigraphy (Thomson et al (2008). Variations in these trends 
have been attributed to gas sorption behaviour originating from various coal and gas 
characteristics, such as different coal rank, type or grade (e.g. Williams and Yurakov, 2003; 
Faiz and Hendry, 2006; Esterle et al, 2006; Scott et al, 2007). 
 
The introduction of site specific testing, as opposed to state, basin or coalfield based defaults 
for the estimation of fugitive gas emissions, will result in data sets that test and improve our 
understanding of gas behaviour and the level of detail required for prediction of its spatial 
variability.  For the purposes of fugitive emissions forecasting from a large area, over a life of 
mine time span, the total site emissions might be accurate at a 95% confidence level, whereas 
shorter annual reporting periods may be perturbed through the natural inherent variability of 
gas distributions as mines dig deeper. This paper looks at a relationship between gas content 
variability with respect to depth across the Hunter Valley, and geological features that may 
provide relative boundaries within which similar trends can be observed.   
 
DATA AND RESULTS  
Gas data collected over a decade of exploration drilling and predominantly from recent (2008-
2010) gas testing from the central Hunter Valley (CHV) area were used for the interpretation 
shown in Figure 1. This included 25 fully cored boreholes, where all potential gas bearing 
strata (as defined by ACARP C20005) were gas tested, and 30 partially sampled boreholes. In 
addition, geological logging records detailing instances of gas and/or overpressured water 
intercepts during drilling were also analysed. Where possible, these gas emission events were 
validated with gas content measurement, and their occurrence with geological structure 
identified. 
 
Gas composition results are constant in all of the study area, with all instances of gas 
occurrence (i.e. gas contents  > 0.5 m3/t) reporting as near 100% methane (CH4), and all gas 
results near or under the gas testing detection limits (e.g. in the shallow parts of the boreholes) 
reporting as carbon-dioxide (CO2) or nitrogen (N2). This includes the full thickness of the 
Howick region, which is not discussed in detail in this paper. 
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Figure 1 Central Hunter Valley structural geological features and borehole locations 
 
Figures 2 and 3 show the range of downhole gas content trends in the various locations in 
Figure 1. Overall, the main trend observed across the central Hunter Valley (CHV) region is 
increasing gas contents with depth, with the exception of the Howick area west of the Hunter 
Valley Dyke. In that area, there are no discernible coal gases present down to the maximum 
depth of mining targets at approximately 200m depth. Elsewhere across the CHV, gas 
contents increase with depth in a non-linear, “stepped” pattern. The pattern consists of a low 
gas zone at shallow depths, followed by a strata interval where gas content levels increase but 
are very similar (i.e. steady) across a number of coal seams within a borehole, with another 
“step” up to higher gas contents in the deepest seam/s (Figure 3).   
 
The inflections in this stepwise pattern can shift up or down a magnitude when viewed as a 
function of depth, but the depth at which the step starts may vary due to seam dip. 
Examination of these stepwise patterns relative to mining areas, geographic and geological 
features is presented in Figures 2 to 4, and in map view in Figure 5, and is discussed below. 
For the map in Figure 5, the relative gas content magnitude shift as a function of depth is used 
to define areas of “high” and “low” for this data set. It should be noted that these terms are 
germane to the data set and the CHV; regionally the CHV occurs within the “moderate” 
Domain 2 of Pinetown (2010).  
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Figure 2 Downhole gas trends across different areas of the CHV. Gas contents “as 
received” 
 
Figure 3 Downhole gas trends in CHV in the vicinity of the Hunter Valley dyke 
(Ravensworth region). In contrast to the dominant gas trends in the CHV, the West (or 
Howick) trend is clearly indicative of a different gas regime. Gas contents “as received” 
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Figure 4 Gas content magnitudes within the same are affected by local geological 
structures 
 
 
Figure 5 Gas domain interpretation of the CHV, showing sub-domains that have the 
same overall gas trend with depth but the  variation in gas content magnitude are driven 
by regional structural features affecting pore pressures and coal sorption capacities 
locally 
 
 
DISCUSSION 
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The Sydney Basin gas origins model was developed by early observations that biogenic gases 
are present in most coal seams (Smith et al, 1992); this was applied to the Sydney Basin by 
Faiz & Hendry (2006), and later revised by Thomson et al (2008) and Pinetown et al (2008). 
A summary of these observations for this discussion can be made as: 
• Thermogenic methane gases are deep and relatively rare (deeper than most opencut 
mines will encounter)  
• CO2 at depth is magmatic and can contribute significant gas volumes; whilst in the 
shallows it is of biogenic origins and comprises immaterial accumulations  
• Most methane gases observed at less than approximately 500m depth (i.e. that most 
coal mines in Australia encounter) have biogenic to mixed origins. 
 
To assist with delineating areas of different gas characteristics, Williams et al (2000) defined 
gas domains as “areas where the gas content magnitude varies according to a set of defined 
conditions … and the variability is tight enough to distinguish it from other domains and be 
useful”. This description allows the broad delineation between two basic domains of this 
dataset from the CHV:  
• The no/”low” gas domain of the Howick area, west of the Hunter Valley Dyke, and  
• The stepwise domain east and north of the dyke that can be a further subset.  
 
The stepwise increases in gas contents with depth correspond to increased gas saturation as 
discussed by Burra (2011), and are interpreted to reflect stepwise changes in in situ pressure 
conditions in addition to depth layering of shallow “no gas”, biogenically recharged gas and 
thermogenic gas, discussed by Faiz and Hendry (2006) and Thomson et al (2008). It is noted 
that all of these areas are within the biogenically recharged layers of the regional Sydney 
Basin gas origins model, so gas origins are not the controlling factor in the distribution of 
these stepwise changes with depth. 
 
Within the stepwise domain, there are areas of further variation in gas content magnitude; 
however, these are always within the context of the overall downhole gas trend that is the 
distinguishing feature of this domain. The overall variations in magnitude are observed 
around major geological structures, but their influence is limited to local perturbances, at 
times only a few hundred metres in width. These sub-domains can be mapped using 
geological features and mapping (Figure 5), and an example of this distribution given in the 
discussion below.  
 
The Falbrook to Glendell areas are affected by thrust faulting associated with the regional 
Hunter and localised Hebden Thrusts, and the affected regions show higher gas content levels 
below any thrust fault plane intercepts.  The Ravensworth area further to the west is subject to 
the Bayswater Syncline, which exerts increased pressures on the local strata and which also 
results in higher gas contents (than the surrounding areas) in all seams in this area (Figure 4). 
This syncline continues north into the area west of Hebden; however, due to the shallower 
depths of the coal measures in this part of the CHV, the gas content levels are lower than in 
the Ravensworth area. It is suggested that the Rix’s Creek Syncline in the Camberwell area 
further to the south of Glendell may also be associated with elevated gas contents in line with 
these findings (Figure 5), although there could be local variability. 
 
Geological features affect the in situ pore pressure regime in the strata and this in turn affects 
the sorption capacity of coals, which hold more gases with increasing pressure (per mass of 
coal). Thus, compressional geological features in particular have the potential to hold more 
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gas at a given depth due to their increased pore pressures. This is in contrast to the effects of 
geological features on gas migration, namely, fractures and open faults that have the potential 
to let gases “escape”, thereby lowering the gas contents in the coal seams locally.  
 
Geological features that create locally higher pore pressures can range from thrust faults, 
synclines, increased occurrences of sandstone channels in the vertical strata, or igneous 
intrusion boundaries. Features that can act as a localised area with ‘lower’ pressures include 
anticlines, open faults or fracture sets. Thus, in conventional petroleum geology, gas 
exploration projects target structural ‘highs’, whilst in coal seam gas, the gassiest areas are 
often found in structural ‘lows’ or in ‘tight’ zones. It is noted, that some deep anticlinal plays, 
such as the Scotia and Fairview fields in the Bowen Basin (Draper and Boreham, 2006), can 
also contain free gas similar to a conventional play.  
 
Whilst the interpretation of this sequence can be a complex undertaking, the signature of these 
processes can be derived from downhole gas observations and regional geological mapping, 
particularly in the Hunter Valley, where there is an overall gas origin model available to act as 
a framework to this analysis. In the context of that gas model, and based on data evaluated in 
this study, geological structures can be interpreted to have the following influences of gas 
accumulations: 
• Compressional features such as thrust faulting (including blind thrusts with ‘apparent’ 
anticlines), synclines or major sand bodies in the strata sequences exert higher 
pressures on the local strata, and this results in locally higher adsorbed gas contents 
• Extensional features, or features that cause the strata to ‘stretch’, such as normal 
faults, fractured zones, or anticlines, do not lend themselves to gas accumulation, and 
often show very low gas concentrations and/or low levels of gas saturation. 
 
It is noted that the elevated gas contents in the vicinity of thrust faults (i.e. the foot wall part 
of the system) are referring to the gases adsorbed onto the coal matrix surfaces. This is in 
contrast to minor seam gases that may be dissolved in groundwaters and which are often 
trapped against the sealing fault plane, dissipating soon after the fault plane is breached by the 
drilling or mining process.  
 
SUMMARY AND CONCLUSIONS 
A discussion and case study have been presented on the use of generic gas distribution 
interpretation approaches in the context of structural geological features. The approach of 
identifying features that can contribute to increasing or lowering pore pressures locally has 
been shown to assist with gas domain delineation, particularly when combined with a gas 
origin interpretation framework. Thus, in areas where gas emplacement occurred prior to the 
last major series tectonic events affecting the strata, compressional features result in elevated 
gas contents. Conversely, in areas where such tectonic events predate gas generation (e.g. in 
the case of biogenic methane), the elevated local pore pressures can impede or obstruct the 
emplacement processes. This style of interpretation technique can contribute to the 
development of gas distribution model development and gas volume estimation undertakings, 
even when only limited data is available.  
 
Whilst the dataset for this study was relatively large, the message here is that by utilising 
standard geological interpretation techniques, combined with existing regional gas 
interpretation models, many of these domains and subdomains could be identified with 
increased confidence for the purposes of planning gas exploration programs or delineating 
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domains for the interpretation and estimation of gas volumes in place towards fugitive 
emissions estimation tasks. 
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The delineation of the extent of CO2-rich gases and higher hydrocarbons in coal seam gas reservoirs 
in the Sydney Basin is important for reservoir production optimisation and also safety in underground 
coal mines.  
Gas distribution in the Sydney Basin is complex and varied; however, some underlying patterns are 
discernable. Hydrocarbons of thermogenic origin at depth are overlain by shallower zones of biogenic 
methane. The depth of the interface between these two layers varies, but a zone of mixed gases is 
consistently present. Some areas also contain significant volumes of CO2 gas in the mixed gas zone 
and it is commonly attributed to magmatic origins. CO2 is not always present in intruded or heat 
affected areas and it can occur in areas that were not subjected to igneous activity. An alternative 
hypothesis for the origin of the deep seated CO2 is from mineral dissolution and/or a by-product of 
methanogenesis through the acetate fermentation pathway. It is hypothesised that hydrodynamics 
and hydrochemistry of formation waters in the subsurface play an important role in defining the extent 
of coal seam gas layering: both by limiting meteoric influx (and thereby biogenic methane 
accumulations), as well as regulating the level of bicarbonate saturation and salinity in the 
groundwater (and thereby the presence of various gas types).    
Meteoric influx penetrates along bedding and via vertical fractures. The shallow, hydrostatic (gravity-
driven) flow is countered at depth by geopressured formation waters migrating towards lower pore 
pressures. A transitional zone where these two flow regimes meet is postulated to provide the 
conditions for the mixed gas zone region to develop. Overprinting the hydrodynamic framework is the 
hydrochemical facies development of groundwaters from fresh, bicarbonate-rich composition in 
highland (or inland) recharge areas towards more saline and sodium-rich makeup in coastal or low-
lying discharge areas. Formation waters associated with methanogenesis exhibit sodium-rich and 
brackish characteristics. On the other hand, excess CO2 from bicarbonate-rich waters are normally 
precipitated as carbonates along flow paths, and may also be liberated under marked chemical 
changes, for example, in salinity or alkalinity. In these instances, CO2 maybe liberated and trapped as 
a gas in the coal matrix.   
In this manner, hydrodynamic and hydrochemical changes along groundwater flow path result in the 
development of gas layering in the subsurface. A dataset consisting of over 2000 coal seam gas 
samples from ~ 100 boreholes was collated from publically available data (supplemented by a private 
dataset from the Hunter Coalfield), including approximately 88 gas carbon isotope results to assist 
with gas origin interpretation. Hydrochemical, porosity and permeability data were sourced from 
literature and used to identify the extent of groundwater flow under hydrostatic pressure, as well as 
assisting in the delineation of various hydrochemical regions in the basin.  
Results show that gas contents increase with depth in the hydrostatic flow section of the strata, 
culminating in ‘peak gas contents’ at the top of the transitional flow zone. Below this horizon, the 
influence of biogenic and hydrostatic sources decrease, and the appearance of thermogenic ethane 
signals the upper extent of the geopressured waters. A mixed gas zone exists between these two flow 
layers that contains significant volumes of CO2 gas in some (mainly, up-gradient and fresh water 
hosting) regions. The origin of this deep CO2 gas is thought to be magmatic; however, due to the 
hydrochemical development of groundwater along flow path (including with depth) from bicarbonate-
rich fresh water to more Na and Cl-rich brackish waters, the deep CO2 gas in the mixed gas zone may 
alternately have originated from the excess bicarbonate contents in the groundwater where abrupt 
chemical changes in parameters such as salinity, temperature or pressure have occurred. As a result 
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of the extent of groundwater facies in the basin, up-gradient fresh-water regions, particularly in the 
vicinity of geological features assisting the rapid and deep penetration of freshwaters into sediments 
(e.g. extensive fracture sets associated with large regional monoclines around the edges of the 
basin), appear to host large volumes of deep CO2 whereas more saline and Na and Cl-rich waters 
down-gradient are almost completely devoid of deep CO2 gas. The base of the hydrostatic flow 
regime marks the disappearance of biogenic methane and high concentrations of CO2 from reservoirs, 
leaving thermogenic gases (including higher hydrocarbons) dominant in deep gas accumulations. 
The significance of these findings is that gas zonation can be traced across the coal seam deposits of 
the Sydney Basin, and the various gas markers identified such as the ‘peak gas’ (or ethane) horizons 
can be mapped with more confidence across the region. Additionally, groundwater chemistry can 
provide further assistance in the tracking of likely coal seam gas accumulations in the subsurface, 
particularly in the context of delineating the undesirable, deep (and high volume) CO2-accumulations, 
which are associated with outbursts in underground coal mines and considered an impurity in coal 
seam gas (CSG) produced for energy utilisation. This study introduces key gas zone horizons that 
can be identified and utilised for the optimisation of CSG exploration and production, and gas 
drainage activities.     
A more detailed discussion of the data, phenomena and conclusions presented here is provided in 
Burra et al (2014)1. 
 
  
                                                             
1 Burra A, Esterle J, Golding S (2014). Coal seam gas distribution and hydrodynamics of the Sydney Basin, 
NSW, Australia. Australian Journal of Earth Sciences 61, 427–453. 
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Dataset includes gas content, composition and carbon isotope and stress 
magnitude. Data sources as indicated in tables, DIGS report numbers listed in 
Chapter 3 Appendix (p 3-28). DIGS reports were obtained from the NSW 
Department of Trade and Investment’s DIGS website 
http://digsopen.minerals.nsw.gov.au/  
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Gas content and composition data
Data source ‐ DIGS reports, report numbers listed in Chapter 3 ‐ Appendix.
Sample numbers and coal seam names are listed as reported in DIGS files.
Possible typing errors in original files highlighted in red text, but values are unchanged.
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Boomerang Ck 1 BMGED04 Gt Northern 833.39 6.55
Boomerang Ck 1 BMGAT12 Fassifern 836.25 4.73
Boomerang Ck 1 BMGAM14 Fassifern 837.21 6.56
Boomerang Ck 1 BMGAM26 Pilot 847.67 2.92
Boomerang Ck 1 BMGAM46 Australasian 863.98 1.40
Boomerang Ck 1 BMGAM08 Montrose 871.96 1.16
Boomerang Ck 1 BMGAM19 Wavehill 888.73 2.16
Boomerang Ck 1 BMGAM49 Wavehill 889.73 6.58
Boomerang Ck 1 BMGAM42 Wavehill 890.67 1.91
Boomerang Ck 1 BMGAT11 Montrose 896.81 2.37
Boomerang Ck 1 BMGAM12 Fern Valley 902.59 2.40
Boomerang Ck 1 BMGAM22 Fern Valley 903.53 1.00
Boomerang Ck 1 BMGAM34 Fern Valley 904.59 2.87
Boomerang Ck 1 BMGAM38 Fern Valley 905.56 2.15
Boomerang Ck 1 BMGAM03 Vict. Tunnel 907.80 1.31
Boomerang Ck 1 BMGAM15 Vict. Tunnel 909.34 3.67
Boomerang Ck 1 BMGAM31 Vict. Tunnel 912.39 0.37
Boomerang Ck 1 BMGAM44 Vict. Tunnel 914.68 1.28
Boomerang Ck 1 BMGAM40 Tomago 1 969.72 3.28
Boomerang Ck 1 BMGAM47 Tomago 1 972.17 0.49
Boomerang Ck 1 BMGED22 Tomago 2 985.05 2.75
Bootleg 5 1 749.55 7.72 9.50 88.70 1.70 0.15
Bootleg 5 2 757.90 8.77 11.10 86.90 1.80 0.19
Bootleg 5 3 800.03 8.44 16.10 74.80 8.80 0.27
Bootleg 5 4 820.11 3.90 20.60 68.40 10.50 0.39
Bootleg 5 5 835.16 4.38 21.90 68.10 9.60 0.41
Bootleg 5 6 846.11 6.34 23.10 73.50 2.90 0.48
Bootleg 5 7 850.31 3.02 28.40 61.30 9.50 0.79
Bootleg 5 8 877.27 4.01 19.50 70.40 9.20 0.66
Bootleg 5 9 900.48 4.46 22.30 72.50 4.10 0.82
Bootleg 5 10 908.81 6.77 25.50 67.60 6.10 0.71
Bootleg 5 11 922.26 4.08 21.70 69.60 7.80 0.63
Bootleg 5 12 932.00 4.78 26.80 61.90 10.40 0.77
Bootleg 5 13 948.30 6.83 26.70 63.10 9.30 0.75
Bootleg 5 14 1031.72 5.85 46.20 43.10 9.10 1.47
Bootleg 5 15 1044.67 4.70 40.30 54.30 3.90 1.31
Bootleg 5 16 1089.14 6.39 32.60 57.90 8.30 1.06
Bootleg 6 1 625.36 5.97 85.00 10.60 4.40 0.02
Bootleg 6 2 634.77 5.41 76.90 18.20 4.90 0.02
Bootleg 6 4 647.16 2.18 57.00 30.10 12.90 0.06
Bootleg 6 5 678.52 3.49 56.50 36.50 6.90 0.10
Bootleg 6 6 702.87 5.19 65.50 31.70 2.60 0.11
Bootleg 6 7 713.17 5.10 62.50 31.50 5.90 0.10
Bootleg 6 9 716.23 2.27 60.40 38.70 0.80 0.11
Bootleg 6 10 728.84 7.62 65.10 33.50 1.30 0.13
Bootleg 6 11 734.95 8.15 68.50 27.00 4.30 0.20
Bootleg 6 12 738.73 12.06 63.40 28.20 8.20 0.22
Bootleg 6 13 750.49 10.12 68.80 28.90 2.10 0.18
Bootleg 6 14 774.95 6.43 68.30 27.40 4.10 0.17
Bootleg 6 15 808.80 3.41 73.40 23.20 2.90 0.51
Bootleg 6 16 831.11 5.99 59.00 33.50 7.30 0.13
Bootleg 6 17 860.74 3.27 77.50 17.60 4.00 0.68
Bootleg 6 18 868.22 3.98 81.80 11.30 5.40 1.15
Hunter Core 6 HC6ED518  Newcastles 640.44 5.07
Hunter Core 6 HC6ED342  641.44 7.49
Hunter Core 6 HC6ED626  642.4 9.80
Hunter Core 6 HC6ED306  643.39 9.14 99.40 0.52 < 0.01  0.03
Hunter Core 6 HC6ED309  644.29 8.53
Hunter Core 6 HC6ED650  679.46 6.77 99.60 0.26 < 0.01  0.01
Hunter Core 6 HC6ED067  680.48 3.97
Hunter Core 6 HC6ED535  681.44 4.56
Hunter Core 6 HC6ED649  711.67 6.69
Hunter Core 6 HC6ED127  714 7.79 99.30 0.57 < 0.01  0.03
Hunter Core 6 HC6ED561  727.58 5.69 99.30 0.56 < 0.01  0.07
Hunter Core 6 HC6ED059  768.5 4.69 97.70 0.81 0.90 0.44
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Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Hunter Core 6 HC6ED302  768.5 5.69
Hunter Core 6 HC6ED298  801.35 6.85 99.20 0.37 < 0.01  0.32
Hunter Core 6 HC6ED247  819.94 5.01 98.90 0.51 < 0.01  0.55
Hunter Core 6 HC6ED030  820.47 6.02
Hunter Core 6 HC6ED582  860.29 5.13
Hunter Core 6 HC6ED585  861.3 2.98 99.40 0.29 < 0.01  0.20
Hunter Core 6 HC6ED672  862.29 5.36
Hunter Core 6 HC6ED288  892.85 4.74 96.80 0.38 < 0.01  2.19
Hunter Core 6 HC6ED198  922.65 5.27 95.30 0.39 < 0.01  3.38
Hunter Core 6 HC6ED220  923.66 3.02
Hunter Core 6 HC6ED258  940.66 4.55 95.80 0.33 < 0.01  2.98
Jilliby 1 JB1ED124  Vales Point/Wallarah/Great Northern  411.43 8.12
Jilliby 1 JB1ED078  Vales Point/Wallarah/Great Northern  412.395 10.41
Jilliby 1 JB1ED203  Vales Point/Wallarah/Great Northern  413.455 8.48 95. 26  1.51 3.22 0.01
Jilliby 1 JB1ED009  Vales Point/Wallarah/Great Northern  414.425 6.47
Jilliby 1 JB1ED073  Vales Point/Wallarah/Great Northern  415.43 9.85
Jilliby 1 JB1ED126  Vales Point/Wallarah/Great Northern  416.42 9.35
Jilliby 1 JB1ED029  Vales Point/Wallarah/Great Northern  417.275 9.91
Jilliby 1 JB1ED013  Fassifern Upper+Middle  426.895 5.78 96. 51  1.53 1.95 0.01
Jilliby 1 JB1ED019  Fassifern Upper+Middle  427.82 6.27
Jilliby 1 JB1ED243  Fassifern Upper+Middle  428.37 6.30
Jilliby 1 JB1ED020  Fassifern Lower  438.32 6.20 96. 86  1.04 2.10 0.01
Jilliby 1 JB1ED041  Fassifern Lower  439.305 3.49
Jilliby 1 JB1ED088  Fassifern Lower  440.37 7.87
Jilliby 1 JB1ED023  Fassifern Lower  441.025 5.92
Jilliby 1 JB1ED108  Australasian  516.31 13.21 93. 07  1.27 5.66 0.00
Jilliby 1 JB1ED106  Australasian  516.675 7.04
Jilliby 1 JB1ED125  Australasian  517.23 8.63
Jilliby 1 JB1ED102  Montrose/Wave Hill  530.495 7.87
Jilliby 1 JB1ED063  Montrose/Wave Hill  530.95 8.39
Jilliby 1 JB1ED068  Montrose/Wave Hill  532.215 6.73
Jilliby 1 JB1ED058  Montrose/Wave Hill  533.92 4.09
Jilliby 1 JB1ED176  Montrose/Wave Hill  535.32 5.71
Jilliby 1 JB1ED105  Montrose/Wave Hill  536.415 8.67 95. 63  1.62 2.75 0.00
Jilliby 1 JB1ED027  Montrose/Wave Hill  536.875 12.10
Jilliby 1 JB1ED103  Montrose/Wave Hill  538.175 7.52
Jilliby 1 JB1ED123  Montrose/Wave Hill  539.19 10.30
Jilliby 1 JB1ED101  Montrose/Wave Hill  540.19 8.95
Jilliby 1 JB1ED064  Montrose/Wave Hill  541.115 9.74 98. 66  0.91 0.41 0.00
Jilliby 1 JB1ED071  Montrose/Wave Hill  542.285 6.88
Jilliby 1 JB1ED154  Montrose/Wave Hill  543.55 11.61
Jilliby 1 JB1ED074  Fern Valley/Victoria Tunnel  576.43 5.36
Jilliby 1 JB1ED211  Fern Valley/Victoria Tunnel  577.29 8.20 97. 74  0.75 1.51 0.00
Jilliby 1 JB1ED201  Fern Valley/Victoria Tunnel  579.43 8.25 98. 28  1.05 0.67 0.00
Jilliby 1 JB1ED030  Fern Valley/Victoria Tunnel  580.37 6.35
Jilliby 1 JB1ED107  Fern Valley/Victoria Tunnel  581.12 8.36
Jilliby 1 JB1ED084  Borehole  589.81 10.48 95. 97  1.09 2.94 0.00
Jilliby 1 JB1ED162  Borehole  590.575 8.05
Jilliby 1 JB1ED149  Borehole  591.325 12.49
Jilliby 2 JB2ED095  Vales Point/Wallarah/Great Northern  430.53 11.52
Jilliby 2 JB2ED189  Vales Point/Wallarah/Great Northern  431.555 11.86 97.03 1.38 1.59 0.00
Jilliby 2 JB2ED142  Vales Point/Wallarah/Great Northern  432.555 9.86
Jilliby 2 JB2ED161  Vales Point/Wallarah/Great Northern  433.535 10.49
Jilliby 2 JB2ED162  Vales Point/Wallarah/Great Northern  434.405 10.50
Jilliby 2 JB2ED052  Vales Point/Wallarah/Great Northern  435.41 11.12
Jilliby 2 JB2ED111  Vales Point/Wallarah/Great Northern  435.91 11.10
Jilliby 2 JB2ED188  Vales Point/Wallarah/Great Northern  443.44 9.40
Jilliby 2 JB2ED120  Vales Point/Wallarah/Great Northern  444.41 11.78 97.93 1.60 0.47 0.00
Jilliby 2 JB2ED128  Vales Point/Wallarah/Great Northern  445.23 11.47
Jilliby 2 JB2ED150  Fassifern Lower  461.5 11.47 96.93 1.19 1.88 0.00
Jilliby 2 JB2ED185  Fassifern Lower  462.5 7.51
Jilliby 2 JB2ED112  Fassifern Lower  463.49 9.50
Jilliby 2 JB2ED194  Fassifern Lower  464.42 10.22
Jilliby 2 JB2ED152  Hartley Hill  474.26 9.66
Jilliby 2 JB2ED076  Australasian  507.69 10.14
Jilliby 2 JB2ED019  Australasian  508.54 9.38
Jilliby 2 JB2ED160  Australasian  509 7.21
Jilliby 2 JB2ED158  Australasian  510.44 12.05 97.56 0.88 1.56 0.00
Jilliby 2 JB2ED244  Australasian  510.8 8.36
A3-3
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Jilliby 2 JB2ED094  Australasian  512.05 6.96
Jilliby 2 JB2ED144  Montrose  531.88 6.46 96.64 1.36 2.00 0.00
Jilliby 2 JB2ED148  Montrose  533.76 5.70
Jilliby 2 JB2ED083  Montrose  534.54 10.19
Jilliby 2 JB2ED109  Montrose  535.43 5.31
Jilliby 2 JB2ED184  Montrose  536.44 9.43
Jilliby 2 JB2ED086  Montrose  537.46 10.46
Jilliby 2 JB2ED183  Montrose  538.43 10.03
Jilliby 2 JB2ED090  Wave Hill  539.43 10.99
Jilliby 2 JB2ED177  Wave Hill  540.445 9.52 98.26 1.06 0.68 0.00
Jilliby 2 JB2ED053  Wave Hill  541.455 10.34
Jilliby 2 JB2ED004  Fern Valley  542.955 5.73
Jilliby 2 JB2ED187  Fern Valley  544.635 11.73
Jilliby 2 JB2ED190  Fern Valley  545.7 8.68 96.56 1.14 2.30 0.00
Jilliby 2 JB2ED226  Victoria Tunnel  547.285 5.72
Jilliby 2 JB2ED186  Victoria Tunnel  548.395 8.47 98.13 1.04 0.83 0.00
Jilliby 2 JB2ED129  Victoria Tunnel  549.825 8.78
Jilliby 2 JB2ED051  Borehole  556.125 10.56
Jilliby 2 JB2ED079  Borehole  557.535 11.40 97.73 0.67 1.60 0.00
Jilliby 2 JB2ED228  Borehole  557.985 17.57
Catherine Hill Bay ED1965  Australasian  236.5 2.24 98.77     
Catherine Hill Bay ED2387  Australasian  238.25 2.00 98.36     
Catherine Hill Bay ED2390  Australasian  240.79 1.74 98.41     
Catherine Hill Bay ED2525  Australasian  242.14 1.45 98.51     
Catherine Hill Bay ED1326  Australasian  245.6 2.07 99.06     
Catherine Hill Bay ED1089  Montrose  252.44 2.37 98.52     
Catherine Hill Bay ED1346  Wave Hill  273.88 1.97 96.32    0.01
Catherine Hill Bay ED2359  Wave Hill  275.56 2.02 97.29     
Catherine Hill Bay ED2572  Wave Hill  276.44 0.99       
Catherine Hill Bay ED1903  Fern Valley  307.13 2.27 99.48     
Catherine Hill Bay ED1352  Fern Valley  308.71 1.53       
Catherine Hill Bay ED1916  Fern Valley  310.37 1.69 99.69     
Catherine Hill Bay ED2602  Fern Valley  311.19 3.10 99.22     
Catherine Hill Bay ED1684  Victoria Tunnel  327.44 3.16 99.68    0.01
Catherine Hill Bay ED2389  Nobbys  368.18 4.03 99.67     
Catherine Hill Bay ED1021  Sandgate  444.49 4.15 99.74    0.04
Catherine Hill Bay ED1722  Buttai Lower  616.71 7.66 99.53 0.02 0.08
Catherine Hill Bay ED1085  Beresford  637.59 1.45 99.75 0.03 0.14
Catherine Hill Bay ED1527  Beresford  638.34 0.86 99.69 0.05 0.15
Catherine Hill Bay ED1693  Beresford  640.32 2.47 99.65 0.01 0.12
Catherine Hill Bay ED1969  Donaldson Upper  671.84 7.87 99.22 0.13 0.40
Catherine Hill Bay ED2357  Donaldson Middle A  739.69 4.39 99.39    0.08
Catherine Hill Bay ED2376  Donaldson Middle A  740.5 2.59 99.44    0.09
Catherine Hill Bay ED1801  Donaldson Middle B  827.15 7.70 98.65    0.12
Catherine Hill Bay ED2111  Donaldson Lower  875.24 1.20 98.18 0.09 1.63
Catherine Hill Bay ED2361  Donaldson Lower  876.21 0.61 98.52 0.07 1.32
Catherine Hill Bay ED2061  Donaldson Lower  876.89 1.10 98.19 0.08 1.33
Catherine Hill Bay ED1778  Donaldson Lower  879.92 1.07 98.24 0.05 1.50
Catherine Hill Bay ED2385  Donaldson Lower  882.04 4.80 98.14 0.04 1.67
Catherine Hill Bay ED1690  Big Ben  909.07 10.62 97.50 0.12 2.10
Catherine Hill Bay ED2203  Big Ben  909.79 10.54 97.66 0.12 2.05
Catherine Hill Bay ED1395  Big Ben  910.84 6.30 97.54 0.11 2.08
Catherine Hill Bay ED1771  Big Ben  913.21 7.16 97.65 0.10 2.06
Catherine Hill Bay ED2596  shale  1016.45 1.03 97.54 0.17 2.18
Catherine Hill Bay ED1782  shale  1023.36 4.44 97.56 0.10 2.25
Catherine Hill Bay ED2522  Tomago Thins  1045.27 1.64 89.53 1.36 8.63
Paynes Crossing 1 PC01ED129  392.29 5.30
Paynes Crossing 1 PC01ED687  393.1 8.96
Paynes Crossing 1 PC01ED638  393.9 6.73
Paynes Crossing 1 PC01ED700  394.6 7.75
Paynes Crossing 1 PC01ED505  395.4 9.02
Paynes Crossing 1 PC01ED177  396.18 7.09
Paynes Crossing 1 PC01ED901  396.98 6.37
Paynes Crossing 1 PC01ED055  400.69 4.76 98.70 1.17 0.01
Paynes Crossing 1 PC01ED052  401.16 4.00
Paynes Crossing 1 PC01ED019  411.2 5.84 98.90 1.02 0.01
Paynes Crossing 1 PC01ED599  412.02 4.73
Paynes Crossing 1 PC01ED686  424.04 3.57 95.40 1.33 3.20 0.01
Paynes Crossing 1 PC01ED636  426.8 3.04 98.50 1.11 0.30 0.01
A3-4
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Paynes Crossing 1 PC01ED020  428.61 5.04
Paynes Crossing 1 PC01ED960  465.25 4.60
Paynes Crossing 1 PC01ED734  465.67 9.05 98.70 1.27 0.02
Paynes Crossing 1 PC01ED843  477.09 3.85 98.40 1.54 0.02
Paynes Crossing 1 PC01ED840  495.41 9.99 98.40 1.59 0.01
Paynes Crossing 1 PC01ED747  500.45 3.85
Paynes Crossing 1 PC01ED841  501.26 6.13
Paynes Crossing 1 PC01ED827  502.07 6.94
Paynes Crossing 1 PC01ED750  502.86 7.25 97.90 2.11 0.01
Paynes Crossing 1 PC01ED839  518.37 7.77 98.70 1.32 0.02
Paynes Crossing 1 PC01ED824  535.73 6.55
Paynes Crossing 1 PC01ED833  536.84 3.43
Paynes Crossing 1 PC01ED754  537.97 2.70 98.50 1.46 0.02
Paynes Crossing 1 PC01ED838  538.77 3.77
Paynes Crossing 1 PC01ED823  539.55 6.22
Paynes Crossing 1 PC01ED829  540.01 3.05
Paynes Crossing 1 PC01ED570  540.72 3.87
Paynes Crossing 1 PC01ED231  541.67 9.66
Paynes Crossing 1 PC01ED576  542.81 3.67
Paynes Crossing 1 PC01ED701  543.47 5.70
Paynes Crossing 1 PC01ED606  550.405 5.76 89.70 1.92 8.40 0.03
Paynes Crossing 1 PC01ED667  550.86 5.43
Paynes Crossing 1 PC01ED703  553.34 7.50
Paynes Crossing 1 PC01ED500  554.07 5.20
Paynes Crossing 1 PC01ED246  565.29 5.65 97.70 2.22 0.04
Paynes Crossing 1 PC01ED511  566.2 4.54
Paynes Crossing 1 PC01ED073  567.86 4.15
Paynes Crossing 1 PC01ED066  569.3 7.37
Paynes Crossing 1 PC01ED137  570.12 8.49
Paynes Crossing 1 PC01ED647  604.63 6.87
Paynes Crossing 1 PC01ED106  605.565 6.15
Paynes Crossing 1 PC01ED961  606.05 4.02
Paynes Crossing 1 PC01ED350  606.97 11.25 98.30 1.57 0.03
Paynes Crossing 1 PC01ED281  607.725 12.35
Hunter Core 5 HC5ED133  Greta 736.79 23.45 91.10 8.75 < 0.01  0.13
Hunter Core 5 HC5ED110  Greta 751.43 5.90 80.20 19.78 < 0.01  0.05
Hunter Core 5 HC5ED208  Greta 754.97 31.80 82.50 17.44 < 0.01  0.04
Hunter Core 5 HC5ED568  Greta 762.16 2.19 67.80 20.69 10.80 0.23
Hunter Core 5 HC5ED508  Greta 798.63 4.40 71.40 28.35 < 0.01  0.08
Hunter Core 5 HC5ED192  Greta 801.47 14.91 74.80 24.92 < 0.01  0.10
Hunter Core 5 HC5ED663  Greta 802.42 7.79 79.40 20.43 < 0.01  0.10
Hunter Core 5 HC5ED201  Greta 803.57 19.94 72.20 27.76 < 0.01  0.07
Hunter Core 5 HC5ED085  Greta 804.02 31.62 76.50 23.44 < 0.01  0.11
Hunter Core 5 HC5ED171  Greta 818.37 17.61 66.00 33.89 < 0.01  0.08
Paynes Crossing 1 PC01ED648  756.08 8.12 98.60 0.80 0.36
Paynes Crossing 1 PC01ED203  800.07 13.38
Paynes Crossing 1 PC01ED197  800.87 22.21 98.80 1.02 0.21
Paynes Crossing 1 PC01ED026  801.585 16.39
Paynes Crossing 1 PC01ED514  822.06 16.56
Paynes Crossing 1 PC01ED584  822.54 19.76
Paynes Crossing 1 PC01ED135  823.035 21.33 98.30 1.55 0.16
Paynes Crossing 1 PC01ED837  823.705 14.93
Paynes Crossing 1 PC01ED040  824.22 15.30
Paynes Crossing 1 PC01ED268  842.58 10.38 97.20 2.50 0.27
Paynes Crossing 1 PC01ED559  854.67 8.93 98.20 1.23 0.54
Paynes Crossing 1 PC01ED785  855.14 19.25
Paynes Crossing 1 PC01ED090  884.81 23.20 87.70 1.79 10.40 0.11
Paynes Crossing 1 PC01ED031  885.62 15.38
Paynes Crossing 1 PC01ED605  886.42 19.58
Paynes Crossing 1 PC01ED237  886.91 12.10
Paynes Crossing 1 PC01ED094  888.8 9.22
Paynes Crossing 1 PC01ED743  898.67 13.50 95.20 2.69 1.00 0.39
Paynes Crossing 1 PC01ED273  899.095 12.73
Paynes Crossing 1 PC01ED745  920.28 18.63 98.30 1.43 0.24
Paynes Crossing 1 PC01ED555  920.72 15.17
Paynes Crossing 1 PC01ED705  922.085 20.33
Paynes Crossing 1 PC01ED037  922.645 16.45
Paynes Crossing 1 PC01ED291  951.995 15.33
Paynes Crossing 1 PC01ED744  952.79 19.71
A3-5
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Paynes Crossing 1 PC01ED749  953.71 21.14 98.50 1.29 0.20
Paynes Crossing 1 PC01ED759  960.98 19.16 97.90 1.80 0.33
Paynes Crossing 1 PC01ED635  961.48 21.81
Paynes Crossing 1 PC01ED735  962.22 22.74
Paynes Crossing 1 PC01ED235  962.64 17.02
Paynes Crossing 1 PC01ED869  982.24 10.75 95.60 1.60 1.91
Paynes Crossing 1 PC01ED740  982.96 10.66 95.80 1.47 1.83
Paynes Crossing 1 PC01ED737  1023.6 16.68 87.40 0.51 11.77
Paynes Crossing 1 PC01ED761  1024.42 17.72 87.70 0.45 11.57
Paynes Crossing 1 PC01ED738  1025.22 16.62 87.40 0.86 11.42
Paynes Crossing 1 PC01ED758  1026.01 7.24 89.40 1.10 9.09
Paynes Crossing 1 PC01ED795  1029.08 9.33 84.20 1.08 12.16
Paynes Crossing 1 PC01ED741  1030.36 10.19 83.10 0.99 12.93
Paynes Crossing 1 PC01ED900  1031.15 12.27 79.30 0.88 16.15
Paynes Crossing 1 PC01ED718  1066.28 12.07 65.70 0.11 27.03
Paynes Crossing 1 PC01ED903  1066.86 12.84
Paynes Crossing 1 PC01ED736  1068.67 13.53
Paynes Crossing 1 PC01ED870  1069.47 12.28 58.00 0.18 32.20
Paynes Crossing 1 PC01ED765  1070.2 12.11
Paynes Crossing 1 PC01ED904  1071 11.41 65.70 0.10 26.38
Paynes Crossing 1 PC01ED739  1073.57 14.72 98.70 1.32 0.02
Paynes Crossing 1 PC01ED763  1074.35 18.13
Paynes Crossing 1 PC01ED902  1075.1 10.56 75.90 0.08 19.73
Big Adder Hill BAHAM10 WHL 235.84 8.25
Big Adder Hill BAHAM11 WHL 237.83 6.84
Big Adder Hill BAHAM24 ARF 259.24 12.17 53.97 45.55 0.48
Big Adder Hill BAHAM20 BOF 301.13 8.16
Big Adder Hill BAHAM38 BOF 302.13 8.77
Big Adder Hill BAHAM43 BOF 303.13 9.14 24.30 75.27 0.44
Big Adder Hill BAHAM04 UWWH 367.34 9.20
Big Adder Hill BAHAM16A UWWH 368.28 3.75
Big Adder Hill BAHAM18 UWWH 369.24 5.81
Big Adder Hill BAHAM33 UMTA 396.03 8.75
Big Adder Hill BAHAM36 UMTA 396.96 6.16
Big Adder Hill BAHAM49 UMTA 397.94 8.33 33.17 66.09 0.72 0.01
Big Adder Hill BAHAM01 UMTA 400.18 7.89
Big Adder Hill BAHAM02 PFD 414.91 12.61
Big Adder Hill BAHAM41 LPFD 426.25 12.84
Big Adder Hill BAHAM06 VAX 454.08 10.03
Big Adder Hill BAHAM19 VAX 455.38 12.31 28.00 71.66 0.34
Big Adder Hill BAHAM31 VAX 456.33 4.27
Big Adder Hill BAHAM35 UBRO 468.17 11.54
Big Adder Hill BAHAM05 MBRO 493.51 13.45
Big Adder Hill BAHAM32A MBRO 494.51 12.04
Big Adder Hill BAHAM37 LBRO 503.55 11.94 42.21 57.56 0.14 0.09
Big Adder Hill BAHED01 LBRO 505.13 4.87
Big Adder Hill BAHED02 BAY 507.7 2.28
Big Adder Hill BAHED11 BAY 508.66 11.39 54.93 44.36 0.57 0.06
Big Adder Hill BAHED19 BAY 510.59 6.06
Big Adder Hill BAHED17 BAY 511.59 6.46
Big Adder Hill BAHED16 BAY 512.29 11.21 60.22 39.15 0.61 0.02
Big Adder Hill BAHED23 UWYN 526.76 12.41
Big Adder Hill BAHED22 EDD 534.66 11.04
Big Adder Hill BAHED10 UCLA 546.49 8.23
Big Adder Hill BAHED15 LCLA 558.44 4.29
Big Adder Hill BAHED18 LCLA 559.44 10.03 89.30 10.57 0.10 0.04
Big Adder Hill BAHED24 MBEN 579.96 19.35
Big Adder Hill BAHED08 LBEN 582.94 3.32
Big Adder Hill BAHED20 EDN 596.04 1.20
Big Adder Hill BAHM132 MRRC 638.45 5.68
Black Springs 1 BS01ED1080  Moon Island Beach  231.84 0.96
Black Springs 1 BS01ED1071  Moon Island Beach  232.765 0.43
Black Springs 1 BS01ED1054  Moon Island Beach  233.54 0.87
Black Springs 1 BS01ED1061  Moon Island Beach  234.39 0.78 97.44 2.07 <0.01 0.04
Black Springs 1 BS01ED1048  Moon Island Beach  240.94 1.40 95.64 1.42 2.92 0.01
Black Springs 1 BS01ED1089  Moon Island Beach  241.76 1.13
Black Springs 1 BS01ED1062  Moon Island Beach  242.56 1.11
Black Springs 1 BS01ED1047  Moon Island Beach  243.35 1.05
Black Springs 1 BS01ED1056  423.18 4.06 99.58 0.37 <0.01 0.02
A3-6
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Black Springs 1 BS01ED1074  438.95 6.28 99.60 0.33 <0.01 0.02
Black Springs 1 BS01ED1272  482.05 3.84 99.46 0.45 <0.01 0.03
Black Springs 1 BS01ED1087  497.62 2.99
Black Springs 1 BS01ED1069  499.135 4.23 99.19 0.72 <0.01 0.08
Black Springs 1 BS01ED1068  499.92 4.02
Black Springs 1 BS01ED1077  608.135 6.27 97.05 2.60 <0.01 0.27
Black Springs 1 BS01ED1076  608.895 6.57
Black Springs 1 BS01ED1002  625.365 4.93 94.80 4.35 <0.01 0.61
Black Springs 1 BS01ED1078  639.77 6.00 92.82 6.62 <0.01 0.52
Black Springs 1 BS01ED1066  640.62 7.28
Black Springs 1 BS01ED1085  725.77 8.10 84.38 15.20 <0.01 0.34
Black Springs 1 BS01ED1082  750.75 6.34
Black Springs 1 BS01ED1065  751.6 8.66 84.61 15.08 <0.01 0.12
Doolans Ck 1 Carramere 382.91 2.46
Doolans Ck 1 Alcheringa 396.92 2.90 77.71 0.33 21.89 0.00
Doolans Ck 1 Whybrow 466.68 3.83 91.15 0.58 8.27 0.00
Doolans Ck 1 Warkworth 524.04 4.78 86.05 0.62 13.32 0.00
Doolans Ck 1 Lower Mt Arthur 541.86 2.70
Doolans Ck 1 Lower Mt Arthur 543.5 2.13 75.80 3.83 20.33 0.00
Doolans Ck 1 Vaux 610.49 4.40 84.12 1.80 14.01 0.00
Doolans Ck 1 Vaux 611.46 1.79
Doolans Ck 1 Vaux 612.46 1.22
Doolans Ck 1 Vaux 613.46 1.32
Doolans Ck 1 Vaux 614.33 2.72
Doolans Ck 1 Vaux 615.31 4.49
Doolans Ck 1 Broonie 3 676.1 9.77 90.60 2.76 6.23 0.07
Doolans Ck 1 Broonie 3 677.1 4.19
Doolans Ck 1 Broonie 6 780.5 21.80 91.58 0.46 7.93 0.02
Doolans Ck 1 Bayswater 794.4 6.50
Doolans Ck 1 Bayswater 795.41 8.03
Doolans Ck 1 Bayswater 796.42 5.83 87.73 0.36 11.88 0.00
Goulburn River 1 wambo 232.53 2.41
Goulburn River 1 whs 300.48 3.45
Goulburn River 1 arrowfield 392.01 4.51 38.58 47.93 11.92 1.49
Goulburn River 1 bowfield 442.68 3.75 24.50 72.91 1.91 0.53
Goulburn River 1 bowfield 442.73 4.71 21.91 76.43 1.65 0.00
Goulburn River 1 bowfield 443.65 8.10
Goulburn River 1 warkworth 452.75 3.74 13.68 83.86 1.69 0.53
Goulburn River 1 mt arthur 456.99 4.74
Goulburn River 1 pfd 480.52 7.77 16.62 82.92 0.00 0.45
Goulburn River 1 pfd 481.52 7.86
Goulburn River 1 broonies 520.37 0.72
Goulburn River 1 broonies 534.01 7.46
Goulburn River 1 broonies 535.03 7.03
Goulburn River 1 bayswater 565.52 6.74
Goulburn River 1 bayswater 567.26 5.11
Goulburn River 1 bayswater 568.11 3.80
Goulburn River 1 bayswater 578.32 3.74 12.56 84.85 1.76 0.77
Goulburn River 1 bayswater 579.81 14.29 34.47 63.05 1.81 0.60
Goulburn River 1 wynn 589.47 2.33
Hunter Bulga 1 Blakefield  307.54 93.10 0.01 5.10 0.00
Hunter Bulga 1 Glen Munro  327.19 97.80 0.01 0.20 0.01
Hunter Bulga 1 Woodlands hill  352.03 96.50 0.01 3.20 0.01
Hunter Bulga 1 Arrowfield  369.16 88.60 0.04 10.90 0.08
Hunter Bulga 1 Warkworth  430.02 91.00 5.93 1.50 0.79
Hunter Bulga 1 Piercefield  478.69 80.10 19.60 0.20 0.06
Hunter Core 3 HC3ED061  134.44 2.42
Hunter Core 3 HC3ED119  135.23 3.23 98.30 0.80 0.90
Hunter Core 3 HC3ED135  152.4 3.19
Hunter Core 3 HC3ED506  153.37 4.29 94.70 0.44 4.80 0.01
Hunter Core 3 HC3ED159  182.84 2.81 96.90 0.66 2.30 0.04
Hunter Core 3 HC3ED137  186.46 2.63 96.70 1.31 1.90 0.04
Hunter Core 3 HC3ED205  202.82 5.28 96.40 2.14 1.40 0.01
Hunter Core 3 HC3ED289  216.63 9.99 92.60 2.24 5.20 0.01
Hunter Core 3 HC3ED188  217.11 2.45
Hunter Core 3 HC3ED045  275.08 4.73 94.50 1.76 3.80 0.01
Hunter Core 3 HC3ED126  Whybrow  326.47 3.13
Hunter Core 3 HC3ED001  Whybrow  327.47 6.95 87.80 7.60 4.60 0.01
Hunter Core 3 HC3ED173  Whybrow  328.02 7.59
A3-7
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Hunter Core 3 HC3ED700  Whybrow  329.02 3.78
Hunter Core 3 HC3ED156  Lower Whybrow 2  347.4 5.58 93.20 4.99 1.80 0.02
Hunter Core 3 HC3ED098  Redbank Creek  396 8.71
Hunter Core 3 HC3ED174  Redbank Creek  397.12 7.96
Hunter Core 3 HC3ED108  Redbank Creek  399.11 3.55 91.80 4.93 3.20 0.02
Hunter Core 3 HC3ED350  Redbank Creek Split  422.1 6.17
Hunter Core 3 HC3ED100  Redbank Creek Split  423 6.06 91.30 6.66 2.10 0.02
Hunter Core 3 HC3ED282  Redbank Creek Split  423.51 2.95
Hunter Core 3 HC3ED263  Wambo  431.36 6.06 93.40 6.07 0.50 0.07
Hunter Core 3 HC3ED084  Whynot  448.2 9.41 92.20 4.89 2.90
Hunter Core 3 HC3ED261  Whynot  449.16 5.84 90.30 6.58 3.00 0.08
Hunter Core 3 HC3ED238  Whynot  449.61 9.74 90.90 7.31 1.80 0.02
Hunter Core 3 HC3ED298  Whynot  460.07 4.62 90.10 7.15 2.70 0.04
Hunter Core 3 HC3ED218  Blakefield  470.03 9.25
Hunter Core 3 HC3ED613  Blakefield  470.46 8.84 93.80 4.81 1.30 0.08
Hunter Core 3 HC3ED120  Blakefield  471.42 8.16
Hunter Core 3 HC3ED005  Blakefield  472.29 5.65
Hunter Core 3 HC3ED139  Blakefield Split  501.61 10.31 93.10 6.06 0.90 0.02
Hunter Core 3 HC3ED197  Blakefield Split  513.63 5.61 92.50 5.17 2.30 0.08
Hunter Core 3 HC3ED573  Blakefield Split  523.86 9.93 94.80 4.46 0.60 0.14
Hunter Core 3 HC3ED231  Glen Munro  553.46 13.91 86.30 12.44 1.20 0.04
Hunter Core 3 HC3ED123  Glen Munro  554.47 6.02 90.50 9.19 0.05
Hunter Core 3 HC3ED609  Glen Munro  555.51 4.97 90.50 9.05 0.40 0.06
Hunter Core 3 HC3ED018  Glen Munro  556.52 10.85 88.20 10.99 0.80 0.05
Hunter Core 3 HC3ED107  Glen Munro  556.94 11.03 90.20 9.37 0.07
Hunter Core 3 HC3ED233  Woodlands Hill  563.17 5.20 89.80 10.03 0.06
Hunter Core 3 HC3ED267  Arrowfield  605.77 19.08 81.80 17.87 0.30 0.06
Hunter Core 3 HC3ED558  Arrowfield  606.69 10.93 64.10 8.19 27.60 0.18
Hunter Core 3 HC3ED117  Arrowfield  607.59 15.15 78.00 21.97 0.06
Hunter Core 3 HC3ED067  Arrowfield  608.24 8.82 77.90 21.36 0.70 0.07
Hunter Core 3 HC3ED131  Arrowfield Split  624.1 10.78 85.50 14.08 0.31
Hunter Core 3 HC3ED112  Arrowfield Split  625.05 9.90
Hunter Core 3 HC3ED075  Bowfield  664.9 13.16
Hunter Core 3 HC3ED309  Bowfield  665.88 10.38
Hunter Core 3 HC3ED022  Bowfield  666.83 6.62
Hunter Core 3 HC3ED102  Bowfield  667.83 11.93 74.90 24.82 0.26
Hunter Core 3 HC3ED038  Bowfield  668.58 13.15
Hunter Core 3 HC3ED077  Bowfield  669.59 11.08
Hunter Core 3 HC3ED027  Warkworth  693.08 9.79
Hunter Core 3 HC3ED008  Warkworth  694.08 9.61
Hunter Core 3 HC3ED115  Warkworth  694.96 5.99
Hunter Core 3 HC3ED578  Warkworth  696.07 16.78 80.70 18.73 0.45
Hunter Core 3 HC3ED007  Mt Arthur  697.42 5.52
Hunter Core 3 HC3ED169  Mt Arthur  698.38 13.22
Hunter Core 3 HC3ED580  Mt Arthur Split  718.6 11.94 79.00 19.35 1.63
Hunter Core 3 HC3ED572  Mt Arthur Split  735.46 11.92
Hunter Core 3 HC3ED051  Mt Arthur Split  736.39 11.27 78.20 20.96 0.76
Hunter Core 3 HC3ED036  Mt Arthur Split  750.55 6.51
Hunter Core 3 HC3ED561  Mt Arthur Split  751.74 11.52 60.40 37.40 2.16
Hunter Core 3 HC3ED557  Piercefield  767.22 9.19 59.20 40.37 0.38
Hunter Core 3 HC3ED058  Piercefield  768.21 12.41 69.80 27.39 2.70
Hunter Core 3 HC3ED312  Piercefield  768.95 11.42
Hunter Core 3 HC3ED521  Vaux  793.34 8.89
Hunter Core 3 HC3ED104  Vaux  794.33 10.46 52.50 46.97 0.51
Hunter Core 3 HC3ED132  Vaux Split  801.18 10.76 69.10 30.35 0.56
Hunter Core 3 HC3ED540  Vaux Split  802.16 10.77 54.00 45.36 0.58
Hunter Core 3 HC3ED207  Vaux Split  802.6 11.26
Hunter Core 3 HC3ED145  Broonie  831.33 15.45 73.90 24.54 1.50
Hunter Core 3 HC3ED223  Broonie  831.82 8.99
Hunter Core 3 HC3ED195  Broonie Split  838.59 7.43
Hunter Core 3 HC3ED121  Broonie Split  839.39 12.52 74.70 20.62 2.00 2.62
Hunter Core 3 HC3ED158  Broonie Split  854.18 6.81 75.20 21.69 3.10
Hunter Core 3 HC3ED215  Broonie Split  876.76 10.73
Hunter Core 3 HC3ED064  Bayswater  883.13 10.62 66.90 7.55 24.90 0.65
Hunter Core 3 HC3ED292  Bayswater  885.13 7.74
Hunter Core 3 HC3ED237  Bayswater  885.93 16.29
Hunter Core 3 HC3ED575  Bayswater  886.38 13.47
Hunter Core 3 HC3ED222  Bayswater  887.51 12.77 75.10 8.95 14.80 1.02
Hunter Core 3 HC3ED180  Bayswater  888.58 13.68
A3-8
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Hunter Core 3 HC3ED087  Bayswater  889.62 9.85
Hunter Core 3 HC3ED554  Bayswater  890.57 15.15
Hunter Core 3 HC3ED187  Bayswater  891.15 12.91
Hunter Core 3 HC3ED203  Bayswater  892.15 15.22
Knight 1 KN1ED60 Lower Whybrow 211.76 0.68
Knight 1 KN1ED61 Lower Whybrow 212.76 0.65
Knight 1 KN1ED67 Lower Whybrow 213.74 0.66
Knight 1 KN1ED51 Redbank Creek 249.25 5.37
Knight 1 KN1ED63 Redbank Creek 250.67 6.29 91.86 4.96
Knight 1 KN1ED64 Redbank Creek 251.67 6.02
Knight 1 KN1ED68 Wambo 273.46 7.39
Knight 1 KN1ED69 Wambo 275.07 6.04
Knight 1 KN1ED70 Wambo 276.07 6.20 93.21 3.58
Knight 1 KN1ED71 Blakefield 331.92 10.01
Knight 1 KN1ED72 Blakefield 333.08 8.07
Knight 1 KN1ED74 Blakefield 334.69 8.13 92.49 6.29
Knight 1 KN1ED75 Blakefield 335.66 9.32
Knight 1 KN1ED07 Glen Munro 363.88 6.79
Knight 1 KN1ED08 Glen Munro 364.92 10.80 90.23 8.80
Knight 1 KN1ED09 Glen Munro 366.26 9.20
Knight 1 KN1ED11 Woodlands Hill 414.26 11.53
Knight 1 KN1ED13 Woodlands Hill 415.18 14.27
Knight 1 KN1ED14 Woodlands Hill 416.21 14.25 66.59 31.51
Knight 1 KN1ED15 Mt Arthur 438.33 15.62 53.10 46.30
Knight 1 KN1ED17 Mt Arthur 439.24 17.44
Knight 1 KN1ED19 Mt Arthur 440.37 10.15
Knight 1 KN1ED59 Unnamed A 441.54 16.33
Knight 1 KN1ED27 Unnamed A 443.05 16.85
Knight 1 KN1ED65 Piercefield A 445.34 12.44 42.43 55.32
Knight 1 KN1ED56 Piercefield B 479.47 12.81
Knight 1 KN1ED57 Piercefield B 480.48 14.92
Knight 1 KN1ED58 Piercefield B 481.42 16.78 25.68 73.08
Knight 1 KN1ED73 Piercefield B 481.84 18.71
Knight 1 KN1ED146 Piercefield C 486.45 15.09
Knight 1 KN1ED147 Piercefield C 487.48 14.66 19.59 78.96
Knight 1 KN1ED148 Piercefield C 488.40 17.97
Knight 1 KN1ED149 Piercefield C 489.58 14.06
Knight 1 KN1ED144 Piercefield D 491.68 12.80
Knight 1 KN1ED145 Piercefield D 492.68 13.21
Knight 1 KN1ED143 Piercefield D 493.68 12.57
Knight 1 KN1ED150 Piercefield D 494.68 14.33
Knight 1 KN1ED140 Piercefield E/F 534.78 17.29
Knight 1 KN1ED141 Piercefield F/G 535.76 19.52
Knight 1 KN1ED142 Piercefield G 536.75 19.88 9.99 87.50
Knight 1 KN1ED42 Vaux 547.38 19.39
Knight 1 KN1ED138 Vaux 548.37 18.33 14.71 85.10
Knight 1 KN1ED139 Vaux 548.92 21.44
Knight 1 KN1ED53 Bayswater Upper 606.33 16.72
Knight 1 KN1ED55 Bayswater Upper 607.30 18.66
Knight 1 KN1ED135 Bayswater Lower 613.33 19.11
Knight 1 KN1ED136 Bayswater Lower 614.35 17.09
Knight 1 KN1ED137 Bayswater Lower 615.41 17.20
Knight 1 KN1ED132 Bayswater Lower 616.41 16.48
Knight 1 KN1ED133 Bayswater Lower 617.43 15.16 27.09 69.33
Knight 1 KN1ED134 Bayswater Lower 618.43 18.14
Knight 1 KN1ED130 No. 12 Seam 655.30 15.34
Knight 1 KN1ED131 No. 10 Seam 670.42 16.75 11.96 87.01
Knight 1 KN1ED129 No. 8 Seam 681.30 15.25 8.35 91.32
Knight 1 KN1ED127 No. 6 Seam 698.30 16.90 4.59 95.24
Knight 1 KN1ED31 No. 4 Seam 719.54 16.32 25.13 74.38
Maison Dieu 1 MD01ED903  Bulga  136.35 3.66 98.80 0.60 0.60 0.00
Maison Dieu 1 MD01ED653  Bulga  156.34 2.39 94.40 1.70 3.90 0.00
Maison Dieu 1 MD01ED052  Bulga  157.655 1.38 72.50 2.12 25.30 0.00
Maison Dieu 1 MD01ED091  Bulga  167.245 4.46
Maison Dieu 1 MD01ED130  Bulga  169.16 4.07 99.30 0.73 < 0.01  0.00
Maison Dieu 1 MD01ED149  Bulga  180.05 5.30 99.60 0.32 < 0.01  0.01
Monkey Place Ck 4 MK04ED1209  159.45 2.92
Monkey Place Ck 4 MK04ED1180  160.24 6.09 99.70 0.29 0.00
Monkey Place Ck 4 MK04ED1325  181.9 3.40
A3-9
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Monkey Place Ck 4 MK04ED1445  183.18 6.49
Monkey Place Ck 4 MK04ED1879  184.06 2.01
Monkey Place Ck 4 MK04ED263  186 1.83 99.53 0.46 0.00
Monkey Place Ck 4 MK04ED1131  238.55 4.66 99.29 0.70 0.00
Monkey Place Ck 4 MK04ED1285  241.77 4.80
Monkey Place Ck 4 MK04ED1884  242.55 7.66
Monkey Place Ck 4 MK04ED1202  243.33 5.54
Monkey Place Ck 4 MK04ED1269  244.09 7.00 92.24 2.01 0.00
Monkey Place Ck 4 MK04ED1159  244.91 4.72
Monkey Place Ck 4 MK04ED028  247.46 8.27 99.06 0.93 0.00
Monkey Place Ck 4 MK04ED1105  248.26 5.45
Monkey Place Ck 4 MK04ED1232  249.64 3.23
Monkey Place Ck 4 MK04ED1158  250.41 4.42
Monkey Place Ck 4 MK04ED1296  251.88 5.96
Monkey Place Ck 4 MK04ED1128  253.16 6.94 99.41 0.58 0.00
Monkey Place Ck 4 MK04ED1231  255.88 8.73 99.49 0.50 0.00
Monkey Place Ck 4 MK04ED1258  257.59 8.55
Monkey Place Ck 4 MK04ED1212  271.98 4.47
Monkey Place Ck 4 MK04ED1421  272.74 9.09 99.65 0.34 0.00
Monkey Place Ck 4 MK04ED1178  274.32 5.25 98.94 1.06 0.00
Monkey Place Ck 4 MK04ED1881  281.03 4.36
Monkey Place Ck 4 MK04ED2019  285.77 7.69 99.30 0.69 0.00
Monkey Place Ck 4 MK04ED1160  287.33 2.99 99.08 0.92 0.00
Monkey Place Ck 4 MK04ED260  305.43 4.03
Monkey Place Ck 4 MK04ED1888  308.82 5.98
Monkey Place Ck 4 MK04ED1250  309.6 4.52
Monkey Place Ck 4 MK04ED1206  350.04 3.46
Monkey Place Ck 4 MK04ED1542  350.83 4.97
Monkey Place Ck 4 MK04ED1241  351.63 6.60
Monkey Place Ck 4 MK04ED1550  352.71 8.82
Monkey Place Ck 4 MK04ED1404  353.51 7.44 99.17 0.82 0.01
Monkey Place Ck 4 MK04ED1100  386.1 10.12
Monkey Place Ck 4 MK04ED1282  386.9 6.90
Monkey Place Ck 4 MK04ED1448  387.7 9.45
Monkey Place Ck 4 MK04ED1308  388.5 6.20
Monkey Place Ck 4 MK04ED1103  389.3 7.94 99.32 0.66 0.02
Monkey Place Ck 4 MK04ED1237  397.71 4.94
Monkey Place Ck 4 MK04ED1462  413.52 13.33
Monkey Place Ck 4 MK04ED1211  414.3 11.83 97.08 1.33 0.02
Monkey Place Ck 4 MK04ED1547  415.39 3.93 96.79 1.45 0.02
Monkey Place Ck 4 MK04ED1894  432.29 7.78 95.18 4.75 0.07
Monkey Place Ck 4 MK04ED1615  433.06 3.68 97.80 2.18 0.02
Monkey Place Ck 4 MK04ED1136  433.85 8.50
Monkey Place Ck 4 MK04ED1317  442.58 3.99
Monkey Place Ck 4 MK04ED1138  444.08 12.03 96.08 3.89 0.02
Monkey Place Ck 4 MK04ED1185  469.17 5.86 93.67 4.56 0.04
Monkey Place Ck 4 MK04ED532  475.08 12.84
Monkey Place Ck 4 MK04ED1190  475.88 10.68 94.75 5.21 0.04
Monkey Place Ck 4 MK04ED1323  479.28 10.32 92.42 5.30 0.03
Monkey Place Ck 4 MK04ED1288  524.59 14.35 93.99 5.83 0.18
Monkey Place Ck 4 MK04ED1432  528.96 7.35 94.41 5.04 0.54
Monkey Place Ck 4 MK04ED1662  538.75 10.85 94.42 5.07 0.50
Monkey Place Ck 4 MK04ED1422  547.48 15.66 94.58 4.98 0.43
Monkey Place Ck 4 MK04ED1164  548.28 10.46
Monkey Place Ck 4 MK04ED1137  567.51 9.27
Monkey Place Ck 4 MK04ED1429  568.31 11.08
Monkey Place Ck 4 MK04ED1880  574.22 12.73 91.25 8.30 0.44
Monkey Place Ck 4 MK04ED1191  582.98 13.72 80.69 18.91 0.40
Monkey Place Ck 4 MK04ED1876  612.1 7.19
Monkey Place Ck 4 MK04ED1106  612.67 14.78
Monkey Place Ck 4 MK04ED1601  623.06 12.26
Monkey Place Ck 4 MK04ED1418  632.36 10.67
Monkey Place Ck 4 MK04ED1216  635.89 14.42
Monkey Place Ck 4 MK04ED1124  648.56 19.27
Monkey Place Ck 4 MK04ED1271  649.34 14.04 88.70 3.19 1.95
Monkey Place Ck 4 MK04ED1141  655.42 10.92
Monkey Place Ck 4 MK04ED1569  669.46 24.36
Monkey Place Ck 4 MK04ED1612  670.26 10.54 91.61 4.68 3.61
Monkey Place Ck 4 MK04ED1168  679.03 12.39
A3-10
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Pinegrove 1 W49ED101  Blakefield  179.1 5.23
Pinegrove 1 W49ED103  Blakefield  180.68 7.03
Pinegrove 1 W49ED104  Glen Munro  197.43 8.52
Pinegrove 1 W49ED109  Glen Munro  198.45 5.49 42.21 46.97 10.40
Pinegrove 1 W49ED110  Woodlands Hill  231.33 5.63 44.78 46.17 8.89
Pinegrove 1 W49ED102  Woodlands Hill  232.35 6.46
Pinegrove 1 W49ED106  Woodlands Hill  233.34 9.63
Pinegrove 1 W49ED107  Woodlands Hill  234.39 9.33
Pinegrove 1 W49ED108  Woodlands Hill  235.14 6.48
Pinegrove 1 W49ED111  Bowfield  252.87 7.98 37.65 53.61 8.04
Pinegrove 1 W49ED113  Bowfield  253.59 10.40
Pinegrove 1 W49ED114  Warkworth  258.35 3.80
Pinegrove 1 W49ED115  Warkworth  261.01 7.76
Pinegrove 1 W49ED116  Warkworth  262.35 8.00 43.37 51.40 5.05
Pinegrove 1 W49ED117  Warkworth  263.37 5.61
Pinegrove 1 W49ED105  Mt Arthur  297.05 7.82 46.32 44.81 8.75
Pinegrove 1 W49ED112  Mt Arthur  298.06 7.55
Pinegrove 1 W49ED119  Mt Arthur  300.61 7.02
Pinegrove 1 W49ED120  Mt Arthur  304.1 10.07
Pinegrove 1 W49ED118  Piercefield Upper  342.03 6.02 27.14 67.50 5.03
Pinegrove 1 W49ED121  Piercefield Upper  343.45 5.93
Pinegrove 1 W49ED122  Piercefield Lower  362.44 8.01
Pinegrove 1 W49ED123  Piercefield Lower  363.44 11.79
Pinegrove 1 W49ED124  Upper Broonies  372.31 11.77
Pinegrove 1 W49ED125  Broonies  408.05 10.80
Pinegrove 1 W49ED126  Broonies Lower  441.82 7.59
Pinegrove 1 W49ED154  Arties  500.29 6.74 6.42 85.42 7.99
Turnermans 1 TM1ED1177  178.53 4.54 8.40 91.59 0.00 0.01
Turnermans 1 TM1ED1899  202.42 4.23
Turnermans 1 TM1ED1300  203.89 4.45 11.46 88.53 0.00
Turnermans 1 TM1ED1500  204.69 5.32
Turnermans 1 TM1ED1661  Redbank Creek  224.44 6.32 4.79 95.19 0.00 0.02
Turnermans 1 TM1ED1895  Wambo  246.79 7.35
Turnermans 1 TM1ED1603  Wambo  247.57 6.61 4.51 95.46 0.00 0.03
Turnermans 1 TM1ED1416  261.61 2.84 12.05 87.42 0.00 0.37
Turnermans 1 TM1ED1106  294.2 3.18 7.86 90.71 0.00 1.07
Turnermans 1 TM1ED1799  306.83 5.39 14.98 45.75 38.86 0.32
Turnermans 1 TM1ED1250  316.27 4.35 20.54 79.22 0.00 0.24
Turnermans 1 TM1ED1223  Glen Munro  326.95 4.92 25.41 74.25 0.00 0.33
Turnermans 1 TM1ED1876  Woodlands Hill Upper  363.12 4.28
Turnermans 1 TM1ED1482  Woodlands Hill Upper  363.93 5.67
Turnermans 1 TM1ED1303  Woodlands Hill Upper  365.1 6.03
Turnermans 1 TM1ED1293  Woodlands Hill Upper  365.89 4.99 41.37 55.57 1.55 1.45
Turnermans 1 TM1ED1496  Woodlands Hill Upper  374.44 5.11
Turnermans 1 TM1ED1893  Woodlands Hill Upper  392.42 8.21
Turnermans 1 TM1ED1246  Woodlands Hill Upper  393.68 3.72
Turnermans 1 TM1ED1575  Arrowfield  415 6.06
Turnermans 1 TM1ED1119  Warkworth  455.51 3.51
Turnermans 1 TM1ED1197  Warkworth  456.31 5.90 18.95 11.02 69.91 0.12
Turnermans 1 TM1ED1438  Warkworth  457.1 10.53
Turnermans 1 TM1ED1877  Warkworth  457.6 12.61
Turnermans 1 TM1ED1483  Warkworth  458.2 12.23
Turnermans 1 TM1ED1314  Warkworth  458.85 5.49
Turnermans 1 TM1ED1135  Warkworth  459.2 13.03
Turnermans 1 TM1ED1378  Warkworth  459.96 10.45
Turnermans 1 TM1ED1130  Piercefield  486.31 6.69
Turnermans 1 TM1ED1862  515.7 10.72 55.54 43.15 0.00 1.21
Turnermans 1 TM1ED1867  Vaux  553.22 11.85
Turnermans 1 TM1ED1528  Vaux  554.01 7.92 51.18 48.24 0.00 0.56
Turnermans 1 TM1ED1901  Vaux  554.81 11.17
Turnermans 1 TM1ED1473  Vaux  555.62 10.00
Turnermans 1 TM1ED2221  Vaux  556.42 6.87
Turnermans 1 TM1ED2228  Broonie 1  576.42 9.36 36.88 61.28 0.00 1.58
Turnermans 1 TM1ED1399  Broonie 1  577.22 9.45
Turnermans 1 TM1ED1838  Broonie 1  578.02 8.78
Turnermans 1 TM1ED2098  581.08 3.53
Turnermans 1 TM1ED1864  586.87 7.64
Turnermans 1 TM1ED1869  Bayswater  599.66 13.03
Turnermans 1 TM1ED1074  Bayswater  600.47 13.76 32.63 66.75 0.00 0.60
A3-11
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Turnermans 1 TM1ED1764  Bayswater  601.22 11.59
Turnermans 1 TM1ED1779  Bayswater  601.92 14.01
Turnermans 1 TM1ED1775  Bayswater  602.72 13.59
Turnermans 1 TM1ED2003  Bayswater  603.52 15.13
Turnermans 1 TM1ED1874  Bayswater  604.29 14.57
Turnermans 1 TM1ED1477  Bayswater  605.09 12.41
Turnermans 1 TM1ED1080  Bayswater  605.89 13.27
Turnermans 1 TM1ED1682  Bayswater  614.29 8.74 22.57 77.09 0.00 0.34
Turnermans 1 TM1ED1536  Bayswater  614.75 11.73
Turnermans 1 TM1ED1007  Bayswater  615.48 6.01
Turnermans 1 TM1ED1945  Foybrook  617.67 4.98
Turnermans 1 TM1ED1024  Foybrook  618.21 2.86
Turnermans 1 TM1ED1529  Foybrook  630.21 6.39
Turnermans 1 TM1ED1430  Foybrook  631.15 4.70 29.72 68.40 0.00 1.33
Turnermans 1 TM1ED1000  Foybrook  631.86 8.78
Turnermans 1 TM1ED1147  Foybrook  647.02 5.49
Turnermans 1 TM1ED1478  Foybrook  665.7 7.75 23.15 73.68 0.00 2.54
Turnermans 1 TM1ED2120  Foybrook  667.37 6.63
Turnermans 1 TM1ED1923  Foybrook  694.54 6.36
Turnermans 1 TM1ED1681  Foybrook  695.25 5.56
Turnermans 1 TM1ED1607  Foybrook  696.145 8.96 15.75 81.96 0.00 2.07
Wappinguy 1 WG01ED1406  417.61 2.87
Wappinguy 1 WG01ED1403  418.41 2.63
Wappinguy 1 WG01ED1396  421.49 1.78 82.14 17.81 0.03
Wappinguy 1 WG01ED1067  422.32 2.17
Wappinguy 1 WG01ED1084  423.12 2.48
Wappinguy 1 WG01ED1049  423.86 2.21
Wappinguy 1 WG01ED1057  424.66 1.74
Wappinguy 1 WG01ED1410  425.46 1.69
Wappinguy 1 WG01ED1400  426.26 1.07
Wappinguy 1 WG01ED1064  427.72 0.96
Wappinguy 1 WG01ED1362  430.75 1.50 92.00 7.97 0.02
Wappinguy 1 WG01ED1408  455.25 2.03 77.46 16.84 5.60 0.01
Wappinguy 1 WG01ED1044  460.35 1.74 98.76 1.23 0.01
Wappinguy 1 WG01ED1395  479.37 3.59 98.84 0.67 0.47 0.02
Wappinguy 1 WG01ED1050  479.89 2.97 98.81 1.07 0.03
Wappinguy 1 WG01ED1402  484.7 3.42 99.24 0.75 0.01
Wappinguy 1 WG01ED1068  518.19 2.00 98.33 1.60 0.03
Wappinguy 1 WG01ED1399  525.32 4.69 99.19 0.77 0.03
Wappinguy 1 WG01ED1052  526.16 4.82 99.27 0.67 0.01
Wappinguy 1 WG01ED1412  527.67 4.18 99.28 0.71 0.01
Wappinguy 1 WG01ED1070  555.19 3.55 99.35 0.42 0.06
Wappinguy 1 WG01ED1053  559.7 4.05 99.19 0.66 0.05
Wappinguy 1 WG01ED1445  577.8 4.32
Wappinguy 1 WG01ED1454  578.58 4.19 99.33 0.45 0.02
Wappinguy 1 WG01ED1438  579.4 6.21 52.89 2.51 39.96 0.03
Wappinguy 1 WG01ED1436  580.2 3.46 99.29 0.50 0.02
Wappinguy 1 WG01ED1441  594.55 7.64
Wappinguy 1 WG01ED1433  595.35 8.66
Wappinguy 1 WG01ED1446  640.19 4.44
Wappinguy 1 WG01ED1431  640.99 7.34
Wappinguy 1 WG01ED1432  665.4 6.03
Wappinguy 1 WG01ED1193  666.2 13.45
Wappinguy 1 WG01ED1416  712.93 1.18
Wappinguy 1 WG01ED1427  713.73 6.87
Wappinguy 1 WG01ED1153  714.53 6.83
Wappinguy 1 WG01ED1429  730.73 5.91 99.73 0.22 0.04
Wappinguy 1 WG01ED1437  733.36 5.78 99.52 0.45 0.03
Wappinguy 1 WG01ED1265  736.85 5.79 98.92 1.02 0.05
Wappinguy 1 WG01ED1162  737.65 6.50 99.41 0.54 0.05
Wappinguy 1 WG01ED1145  822.21 3.80
Windermere 4 WD04001  Wambo  132.65 6.80
Windermere 4 WD04002  Wambo  133.45 3.60 91.40 8.56 0.00 0.02
Windermere 4 WD04003  162.38 4.94 88.20 11.84 0.00 0.01
Windermere 4 WD04004  162.7 5.74
Windermere 4 WD04005  Whynot  180.77 5.47 80.60 19.33 0.00 0.06
Windermere 4 WD04006  203.08 3.09
Windermere 4 WD04007  Blakefield  203.88 4.88
Windermere 4 WD04008  Blakefield  204.68 6.26 90.40 9.57 0.00 0.01
A3-12
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Windermere 4 WD04009  Blakefield  205.77 4.05
Windermere 4 WD04010  237.56 5.51
Windermere 4 WD04011  Glen Munro  241.45 6.83
Windermere 4 WD04012  Glen Munro  242.25 6.26
Windermere 4 WD04013  Glen Munro  243.04 5.04 88.00 11.94 0.00 0.02
Windermere 4 WD04014  Woodlands Hill  272.97 6.18
Windermere 4 WD04015  Woodlands Hill  273.77 7.74
Windermere 4 WD04016  Woodlands Hill  274.32 7.69
Windermere 4 WD04017  Woodlands Hill  275.88 7.66
Windermere 4 WD04018  Woodlands Hill  276.53 7.84
Windermere 4 WD04019  Arrowfield  305.32 11.76
Windermere 4 WD04020  Arrowfield  306.08 5.34
Windermere 4 WD04021  Arrowfield  306.88 9.55 89.60 10.36 0.00 0.02
Windermere 4 WD04022  309.23 12.41
Windermere 4 WD04023  Bowfield  335.81 7.48
Windermere 4 WD04024  Bowfield  336.61 9.34 77.40 22.64 0.00 0.01
Windermere 4 WD04025  Bowfield  337.15 10.03
Windermere 4 WD04026  Bowfield  337.95 8.34
Windermere 4 WD04027  Bowfield  338.75 8.06
Windermere 4 WD04028  Bowfield  339.55 11.68
Windermere 4 WD04029  Bowfield  340.91 9.60
Windermere 4 WD04030  Bowfield  341.71 12.74 78.40 21.58 0.00 0.02
Windermere 4 WD04031  Warkworth  401.54 11.41
Windermere 4 WD04032  Warkworth  402.4 14.03
Windermere 4 WD04033  Warkworth  402.94 12.71
Windermere 4 WD04034  Mt Arthur  405.25 13.32 77.60 22.36 0.00 0.03
Windermere 4 WD04035  Mt Arthur  406.92 10.57
Windermere 4 WD04036  Mt Arthur  407.72 13.24
Windermere 4 WD04037  Piecefield  409.1 12.36
Windermere 4 WD04038  Piecefield  409.9 13.50 72.80 27.22 0.00 0.03
Windermere 4 WD04039  Piecefield  410.7 12.22
Windermere 4 WD04040  Piecefield  412.29 13.63 70.50 29.49 0.00 0.03
Windermere 4 WD04041  Piecefield  413.98 13.42
Windermere 4 WD04042  416.06 14.38
Windermere 4 WD04043  Lower Piecefield  450.38 15.77
Windermere 4 WD04044  Lower Piecefield  451.18 9.91 68.10 31.83 0.00 0.04
Windermere 4 WD04045  Vaux  454.13 13.81
Windermere 4 WD04046  Vaux  456.24 15.73 72.30 27.58 0.00 0.07
Windermere 4 WD04047  Vaux  457.04 13.24
Windermere 4 WD04048  Vaux  457.8 14.25
Windermere 4 WD04049  Vaux  458.6 15.18
Windermere 4 WD04050  Vaux  459.69 14.70
Windermere 4 WD04051  Broonie  477.55 12.77 62.40 37.50 0.00 0.10
Windermere 4 WD04052  Broonie  494.64 15.50
Windermere 4 WD04053  Broonie  495.41 7.57 66.30 33.42 0.00 0.24
Windermere 4 WD04054  Broonie  519.09 11.12
Windermere 4 WD04055  Broonie  519.89 19.19 63.20 36.55 0.00 0.28
Windermere 4 WD04056  Bayswater  531.7 18.25
Windermere 4 WD04057  Bayswater  532.49 19.45
Windermere 4 WD04058  Bayswater  533.3 16.87
Windermere 4 WD04059  Bayswater  534.1 15.78
Windermere 4 WD04060  Bayswater  534.52 20.30
Windermere 4 WD04061  Bayswater  535.32 20.16 58.00 41.81 0.00 0.22
Windermere 4 WD04062  Bayswater  536.11 16.80
Windermere 4 WD04063  Bayswater  536.91 17.74
Windermere 4 WD04064  Bayswater  537.72 18.05
Windermere 4 WD04065  Bayswater  538.52 19.34
Windermere 4 WD04066  Bayswater  539.22 19.82
Windermere 4 WD04067  565.69 14.76 51.00 48.59 0.00 0.33
Windermere 4 WD04068  570.43 19.13 52.00 47.85 0.00 0.20
Windermere 4 WD04069  575.35 19.68 54.50 45.27 0.00 0.19
Windermere 4 WD04070  591.01 10.87
Windermere 4 WD04071  591.8 19.80 57.90 41.74 0.00 0.39
Windermere 4 WD04072  604.48 14.92 42.50 56.98 0.00 0.47
Windermere 4 WD04073  606.2 17.18 42.50 57.29 0.00 0.22
Windermere 4 WD04074  612.34 14.91 54.10 45.22 0.00 0.60
Windermere 4 WD04075  617.67 14.32 37.10 61.87 0.00 0.96
Windermere 4 WD04076  622.41 12.13 27.50 71.10 0.20 1.09
Windermere 4 WD04077  634.99 11.88 19.80 79.11 0.00 0.98
A3-13
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Windermere 4 WD04078  643.91 12.74 19.00 79.43 0.60 0.84
Windermere 4 WD04079  657.25 8.73 21.20 76.31 1.20 1.06
Windermere 4 WD04080  681.26 11.53 36.80 60.04 0.00 2.82
Windermere 4 WD04081  699.83 15.73
Windermere 4 WD04082  700.61 11.23
Windermere 4 WD04083  701.3 8.33 35.10 59.27 1.60 3.56
Windermere 4 WD04084  706.77 12.38 32.10 63.57 1.90 2.25
Wollombi Brook 1 WHYBROW 347.72 4.79 80.76 14.85 4.39 0.00
Wollombi Brook 1 REDBANK CK 364.17 4.55
Wollombi Brook 1 WAMBO 425.40 4.34
Wollombi Brook 1 WHYNOT 443.45 6.84
Wollombi Brook 1 BLAKEFIELD 458.64 8.30
Wollombi Brook 1 GLEN MUNRO 487.49 7.26 55.15 44.80 0.05 0.00
Wollombi Brook 1 UPPER WOODLAND 505.10 8.86
Wollombi Brook 1 MIDDLE WOODLAND 519.87 10.36
Wollombi Brook 1 LOWER WOODLAND 543.53 11.87
Wollombi Brook 1 ARROWFIELD 602.21 7.01
Wollombi Brook 1 BOWFIELD 613.16 10.11 34.85 58.65 6.46 0.04
Wollombi Brook 1 WARKWORTH 625.71 5.79
Wollombi Brook 1 UPPER MT ARTHUR 633.28 10.33
Wollombi Brook 1 MIDDLE MT ARTHUR 637.56 9.43
Wollombi Brook 1 LOWER MT ARTHUR 651.26 14.92 57.60 38.18 2.40 1.77
Wollombi Brook 1 UPPER PIERCEFIELD 672.33 13.34
Wollombi Brook 1 VAUX 721.20 13.25
Wollombi Brook 1 VAUX 723.61 16.55
Wollombi Brook 1 LEMINGTON SPLIT 766.81 10.09
Wollombi Brook 1 LEMINGTON SPLIT 771.89 11.04 64.04 33.24 1.13 1.57
Wollombi Brook 1 LEMINGTON SPLIT 838.42 12.12
Wollombi Brook 1 PIKES GULLY 893.83 8.16
Wollombi Brook 1 ARTIES 917.86 9.45
Wollombi Brook 1 LIDDELL 924.84 10.03
Wollombi Brook 1 LIDDELL 942.95 9.78
Wollombi Brook 1 HEBDEN 977.71 5.87
Wybong 1 WYBAM10 232.62 2.72
Wybong 1 WYBAM41 257.52 1.81
Wybong 1 WYBAM18 260.48 1.41
Wybong 1 WYBAM02 345.78 4.25
Wybong 1 WYBAM24 350.78 3.10 91.76 3.03 5.21 0.00
Wybong 1 WYBAM33 352.19 3.11
Wybong 1 WYBAM36 354.26 2.07
Wybong 1 WYBAM04 389.17 4.12
Wybong 1 WYBAM11 390.21 3.30
Wybong 1 WYBAM38 391.25 5.02
Wybong 1 WYBAM49 419.26 3.09
Wybong 1 WYBAM20 428.13 2.73 48.35 18.07 35.58 0.00
Wybong 1 WYBAM01 440.13 3.50
Wybong 1 WYBAM25 485.64 3.36
Wybong 1 WYBAM16 530.89 3.70
Wybong 1 WYBAM15 532.12 7.57
Wybong 1 WYBAM09 554.83 7.05
Wybong 1 WYBAM37 583.67 7.44
Wybong 1 WYBAM29 584.98 8.01 43.22 40.13 16.65 0.00
Wybong 1 WYBAM19 615.57 6.71
Wybong 1 WYBAM23 616.6 2.70
Wybong 1 WYBAM05 628.44 6.68
Wybong 1 WYBAM21 705.43 5.04
Wybong 1 WYBAM26 706.42 2.31
Wybong 1 WYBAM35 707.4 4.89
Wybong 1 WYBAM43 708.41 4.13
Wybong 1 WYBAM45 709.4 4.32
Wybong 1 WYBAM50 710.39 4.18
Wybong 1 WYBAM03 711.02 4.37
Wybong 1 WYBAM14 711.99 4.02 38.54 55.43 5.44 0.57
Wybong 1 WYBAM34 712.98 2.19
Wybong 1 WYBAM40 713.96 3.80
Wybong 1 WYBAM46 714.95 1.97
Wybong 1 WYBAM48 715.96 2.75
Wybong 1 WYBAM07 716.96 1.69
Wybong 1 WYBAM08 717.96 3.69
A3-14
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Wybong 1 WYBAM17 718.96 3.67
Wybong 1 WYBAM22 719.95 2.67
Wybong 1 WYBAM39 720.94 3.22
Wybong 1 WYBAM42 721.89 4.58
Wybong 1 WYBAM27 726.86 1.92
Wybong 1 WYBAM28 727.84 2.76
Boomerang Ck 1 BMGAM41 Fassifern 838.32 8.26 98.30 1.70 0.00 0.00
Boomerang Ck 1 BMGAM27 Pilot 859.56 4.10 88.69 2.00 7.88 1.43
Boomerang Ck 1 BMGAM45 Montrose 869.35 3.28 91.67 1.33 6.34 0.41
Boomerang Ck 1 BMGAM07 Fern Valley 901.92 2.79 80.24 0.75 17.34 1.38
Boomerang Ck 1 BMGAM30 Vict. Tunnel 910.82 1.57 89.14 1.11 8.85 0.78
Boomerang Ck 1 BMGAM48 Tomago 1 971.22 2.10 86.10 1.37 10.32 1.83
Bootleg 10 bulli 591.01 13.55 14.00 85.80 0.00 0.10
Bootleg 10 bulli 591.91 15.02
Bootleg 10 bulli 592.81 14.74
Bootleg 10 bulli 593.66 5.74
Bootleg 10 balgownie 601.87 12.81 25.20 74.30 0.00 0.51
Bootleg 10 balgownie 602.7 14.53
Bootleg 10 balgownie 602.91 12.86
Bootleg 10 3 616.96 9.15 36.20 63.20 0.10 0.45
Bootleg 10 wongawilli 652.64 10.33 91.90 6.40 0.80 0.75
Bootleg 10 wongawilli 653.53 11.26
Bootleg 10 wongawilli 654.33 6.70
Bootleg 10 wongawilli 655.94 8.44
Bootleg 10 wongawilli 656.78 8.19
Bootleg 10 wongawilli 656.98 11.24
Bootleg 10 wongawilli 661.54 5.24
Bootleg 10 wongawilli 661.98 6.03
Bootleg 10 wongawilli 662.28 5.06
Bootleg 10 wongawilli 662.57 5.51
Bootleg 10 wongawilli 662.87 4.52
Bootleg 10 wongawilli 663.07 10.81
Bootleg 10 american creek 674 9.15 94.30 4.50 0.50 0.71
Bootleg 10 american creek 674.62 11.82
Bootleg 10 american creek 675.16 7.79
Bootleg 10 tongarra 728.46 6.89 88.30 2.90 3.70 4.78
Bootleg 10 732.23 8.38
Bootleg 6 3 643.94
Bootleg 6 8 715.06 3.16
Bootleg 7 2 602.7 3.13 90.20 0.70 5.40 3.33
Bootleg 7 1 821.56 2.01 88.30 0.80 7.30 3.27
Bootleg 7 3 859.47 5.00 92.00 0.50 4.00 3.20
Bootleg 7 4 890.18 4.06 87.50 0.40 9.70 2.00
Bootleg 7 5 893.65 4.50 91.00 0.30 6.00 2.27
Bootleg 7 6 932.07 9.07 86.40 0.50 10.50 1.91
Bootleg 7 7 954.52 4.55 93.00 0.30 5.10 1.04
Bootleg 7 8 964.49 10.49 94.30 0.20 4.90 0.63
Bootleg 7 9 990.76 2.23 88.50 0.30 7.40 3.23
Bootleg 7 10 1005.95 10.05 83.30 0.30 12.60 3.28
Bootleg 7 12 1053.54 3.20 89.80 0.20 6.30 3.13
Bootleg 8 bulli 769.79 7.27 92.40 1.50 0.70 5.10
Bootleg 8 bulli 770.61 8.51
Bootleg 8 bulli 771.47 9.88
Bootleg 8 bulli 772.23 9.80
Bootleg 8 balgownie 800.5 9.53 89.70 1.20 1.40 7.23
Bootleg 8 balgownie 801.33 9.76
Bootleg 8 balgownie 802.16 9.66
Bootleg 8 balgownie 803.28 8.19
Bootleg 8 Wongawilli 855.03 3.47 82.10 0.80 6.50 9.73
Bootleg 8 Wongawilli 855.84 3.40
Bootleg 8 Wongawilli 856.66 7.52
Bootleg 8 Wongawilli 857.46 8.46
Bootleg 8 Wongawilli 858.79 2.37
Bootleg 8 Wongawilli 859.62 5.40
Bootleg 8 Wongawilli 860.48 4.06
Bootleg 8 Wongawilli 862.53 8.10
Bootleg 8 Wongawilli 862.76 0.49
Bootleg 8 Wongawilli 863.59 8.94
Bootleg 8 Wongawilli 864.42 5.24
A3-15
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Bootleg 8 Wongawilli 865.28 9.65
Bootleg 8 Upper american creek 876.22 4.98 79.20 0.80 11.50 7.91
Bootleg 8 Upper american creek 877.09 1.67
Bootleg 8 Upper american creek 877.73 7.10
Bootleg 8 Upper american creek 878.38 3.03
Bootleg 8 tongarra 941.41 9.51 80.60 0.50 12.50 6.08
Bootleg 8 tongarra 941.83 0.16
Bootleg 8 tongarra 942.32 8.32
Bootleg 8 tongarra 942.93 6.61
Bootleg 8 woonona 1024.35 9.60 87.40 1.00 6.70 4.71
Bootleg 8 woonona 1024.96 6.32
Bootleg 8 woonona 1025.91 10.63
Bootleg 8 woonona 1026.58 11.18
Bootleg 8 12 1114.7 7.06 78.50 0.30 9.80 10.19
Bootleg 8 13 1120.54 5.67 84.00 0.20 4.10 10.44
Bootleg 8 14 1146.14 4.95 74.60 0.20 14.60 9.56
Bootleg 8 15 1148.97 3.92 80.80 0.20 7.90 10.02
Bootleg 8 16 1168.73 5.94 75.00 0.20 13.00 10.38
Bootleg 8 17 1183.08 7.86 84.30 0.10 6.00 8.75
Bootleg 8 18 1192.17 5.63 79.90 0.10 9.40 9.44
Bootleg 8 19 1218.31 7.91 81.40 0.10 8.40 9.14
Bootleg 8 19 1218.82 7.52
Bootleg 8 19 1219.36 3.24
Bootleg 8 19 1220.19 8.22
Bootleg 8 20 1222.72 2.05
Bootleg 8 20 1223.62 4.83 82.70 0.10 8.50 7.94
Bunnerong 1 M422 Bulli 806.220 6.51 97.59 0.40 0.04 4.05
Bunnerong 1 A706 Bulli 807.797 2.47 98.29 0.40 0.00 1.58
Bunnerong 1 A706 Bulli 809.382 2.47 98.29 0.40 0.00 1.58
Bunnerong 1 M409 Unnamed 1 817.610 14.85 99.20 0.50 0.00 0.23
Bunnerong 1 M424 Balgownie 853.400 7.72 99.26 0.66 0.00 0.39
Bunnerong 1 A306 Balgownie 855.645 10.37 99.35 0.57 0.00 0.20
Bunnerong 1 A669 Cape Horn 858.392 13.31 99.23 0.47 0.00 0.40
Bunnerong 1 A442 Wongawilli 871.085 17.52 99.69 0.51 0.00 0.08
Bunnerong 1 A670 Wongawilli 871.919 16.85 99.65 0.41 0.00 0.07
Bunnerong 1 A314 Wongawilli 876.230 8.17 99.08 0.47 0.01 0.68
Bunnerong 1 A704 Wongawilli 904.090 10.41 98.68 0.90 0.00 0.77
Bunnerong 1 A418 Wongawilli 904.998 10.38 98.97 0.75 0.00 0.63
Bunnerong 1 A667 Wongawilli 906.242 7.39 98.76 0.80 0.00 0.66
Bunnerong 1 M406 Wongawilli 907.290 8.48 99.14 0.81 0.00 0.49
Bunnerong 1 M401 Wongawilli 908.290 2.85 97.28 1.07 0.00 4.26
Bunnerong 1 M402 Wongawilli 910.700 4.38 99.65 0.44 0.00 0.15
Bunnerong 1 A643 Unnamed 3 924.384 7.40 99.07 0.66 0.00 0.70
Bunnerong 1 M403 American Creek 939.018 13.78 99.43 0.53 0.00 0.21
Bunnerong 1 A629 American Creek 940.435 14.97 99.18 0.76 0.00 0.19
Bunnerong 1 A692 American Creek 944.965 2.29 99.36 0.55 0.00 0.40
Bunnerong 1 A580 American Creek 979.339 8.31 99.23 0.50 0.00 0.73
Bunnerong 1 M408 American Creek 980.524 4.82 99.43 0.35 0.00 0.76
Bunnerong 1 A636 American Creek 982.481 6.83 99.26 0.28 0.03 0.66
Bunnerong 1 A686 American Creek 983.855 9.25 99.18 0.25 0.00 0.62
Bunnerong 1 A446 American Creek 988.380 10.13 99.53 0.24 0.00 0.39
Bunnerong 1 A674 Unnamed 6 1047.300 10.76 98.04 0.25 0.05 4.19
Bunnerong 1 A704 Tongarra 1061.157 6.20 97.90 0.26 0.12 3.68
Bunnerong 1 A887 Tongarra 1067.368 0.93 98.38 0.31 0.17 3.25
Bunnerong 1 A624 Unnamed 7 1099.645 4.30 98.75 0.46 0.05 1.98
Bunnerong 1 A449 Unnamed 8 1127.680 4.65 98.45 0.74 0.05 3.30
Bunnerong 1 A705 Woonona 1140.050 2.60 97.14 2.18 0.00 1.23
Bunnerong 1 A441 Woonona 1145.325 4.59 97.26 1.66 0.04 1.77
Bunnerong 1 A440 Woonona 1147.860 3.72 98.02 1.27 0.10 1.52
Bunnerong 1 A707 Woonona 1149.025 7.11 95.18 3.12 0.03 2.74
Bunnerong 1 A653 Woonona 1149.745 9.98 94.29 4.12 0.08 2.49
Bunnerong 1 A347 Woonona 1150.620 8.42 93.25 4.44 0.83 2.42
Bunnerong 1 M423 Woonona 1154.230 8.80 94.58 3.74 0.00 3.33
Bunnerong 1 A885 Woonona 1156.385 6.68 94.16 4.18 0.05 3.45
Bunnerong 1 A689 Woonona 1159.115 8.76 95.88 2.76 0.05 3.28
Bunnerong 1 A701 Woonona 1160.000 8.30 96.47 2.83 0.01 3.45
Bunnerong 1 M425 Woonona 1165.410 8.92 93.93 2.92 0.04 3.81
Bunnerong 1 A401 Woonona 1168.225 5.53 97.90 1.61 0.19 2.42
Everleigh 1 M404 Bulli 915.340 14.36 99.82 0.10 0.04 0.16
A3-16
Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Everleigh 1 M128 Bulli 916.040 10.78 99.79 0.12 0.08 0.16
Everleigh 1 M409 Unnamed 1 921.110 18.63 99.78 0.13 0.01 0.20
Everleigh 1 M130 Balgownie 948.350 6.08 99.83 0.10 0.06
Everleigh 1 M129 Balgownie 948.540 16.52 99.74 0.10 0.07 0.19
Everleigh 1 A705 Cape Horn 951.800 3.79 99.88 0.13 0.02 0.22
Everleigh 1 M133 Wongawilli 972.510 10.47 99.81 0.12 0.04 0.17
Everleigh 1 M135 Wongawilli 990.760 6.68 99.72 0.11 0.12 0.20
Everleigh 1 M136 Wongawilli 993.755 10.60 99.78 0.09 0.13
Everleigh 1 M137 Wongawilli 999.300 5.50 99.55 0.12 0.11 0.27
Everleigh 1 A709 Wongawilli 999.348 5.47 99.77 0.11 0.04 0.21
Everleigh 1 M141 Wongawilli 1003.575 5.50 99.80 0.13 0.00 0.21
Everleigh 1 M132 Wongawilli 1007.400 5.75 99.73 0.12 0.01 0.24
Everleigh 1 M139 Wongawilli 1030.480 11.83 98.88 0.12 0.05
Everleigh 1 M125 Wongawilli 1035.695 5.73 99.76 0.11 0.07 0.19
Everleigh 1 M149 Wongawilli 1037.445 9.26 99.79 0.10 0.07 0.17
Everleigh 1 M127 Wongawilli 1056.975 8.81 99.85 0.11 0.06
Everleigh 1 A700 Wongawilli 1058.350 4.43 99.61 0.13 0.18 0.20
Everleigh 1 M423 Wongawilli 1077.780 4.48 99.81 0.12 0.08
Everleigh 1 A813 Wongawilli 1079.190 9.92 99.74 0.12 0.05 0.14
Everleigh 1 M154 Wongawilli 1079.980 7.42 99.54 0.11 0.35
Everleigh 1 A701 American Creek 1117.270 7.44 99.87 0.12 0.03 0.33
Everleigh 1 M120 American Creek 1118.645 8.17 99.40 0.11 0.18 0.55
Everleigh 1 M114 American Creek 1119.835 5.83 99.34 0.13 0.00 0.74
Everleigh 1 M421 American Creek 1121.545 15.65 99.76 0.10 0.01 0.49
Everleigh 1 M118 American Creek 1131.150 10.07 99.73 0.11 0.15
Everleigh 1 M113 American Creek 1132.695 7.18 96.90 0.11 0.15 1.41
Everleigh 1 M116 American Creek 1136.865 5.08 99.07 0.11 0.17 1.33
Everleigh 1 A706 Unnamed 2 1199.630 5.40 97.87 0.09 2.71
North Castlereagh 1 NCA08 Bulli 837.270 11.40
North Castlereagh 1 NCA46 Bulli 838.185 10.45 85.87 6.30 1.53 5.72
North Castlereagh 1 NCA35 Bulli 839.085 13.58
North Castlereagh 1 NCA43 Bulli 840.080 10.68
North Castlereagh 1 NCA36 Bullia 849.115 10.68
North Castlereagh 1 NCA04 Balgownie 869.990 11.73 89.17 3.96 2.76 3.68
North Castlereagh 1 NCA40 Balgownie 870.995 13.89
North Castlereagh 1 NCA27 Balgownie 871.980 13.23
North Castlereagh 1 NCA22 Cape Horn 884.945 12.62 88.48 5.92 2.31 2.76
North Castlereagh 1 NCA21 Wangawilli 896.835 23.38
North Castlereagh 1 NCA38 Wangawilli 897.720 19.13 72.64 9.70 16.65 0.53
North Castlereagh 1 NCA29 Wangawilli 898.685 14.68
North Castlereagh 1 NCAAT12 Wangawilli 899.090 0.00
North Castlereagh 1 NCAAT8 Wangawilli 908.450 8.87
North Castlereagh 1 NCASH2 Wangawilli 909.345 7.50
North Castlereagh 1 NCAAT3 Wangawilli 910.106 8.85
North Castlereagh 1 NCASH3 U. American Ck 939.175 10.10
North Castlereagh 1 NCAAT16 U. American Ck 940.216 10.04
North Castlereagh 1 NCA50 U. American Ck 941.110 8.82
North Castlereagh 1 NCA11 U. American Ck 942.100 11.84 86.52 3.13 2.63 6.48
North Castlereagh 1 NCAAT9 L. American Ck 946.455 8.24
North Castlereagh 1 NCA48 L. American Ck 967.645 14.18
North Castlereagh 1 NCA25 L. American Ck 968.575 12.91
North Castlereagh 1 NCA47 L. American Ck 969.345 11.33
North Castlereagh 1 NCA30 L. American Ck 970.090 11.97 88.27 1.26 1.98 7.19
North Castlereagh 1 NCA41 L. American Ck 978.740 18.22
North Castlereagh 1 NCASH4 L. American Ck 997.185 9.74
North Castlereagh 1 NCAAT4 L. American Ck 1018.120 6.96
North Castlereagh 1 NCASH5 Woonona 1179.745 10.78
North Castlereagh 1 NCA26 Figtree 1214.325 10.61
North Castlereagh 1 NCAAT11 Figtree 1224.155 12.64
North Castlereagh 1 NCAAT6 Figtree 1261.785 13.43
North Castlereagh 1 NCAAT18 Figtree 1262.160 14.82
North Castlereagh 1 NCA07 Unanderra 1269.230 15.80
North Castlereagh 1 NCAAT7 Unanderra 1270.950 22.37
North Castlereagh 1 NCA13 Unanderra 1272.830 13.74
North Castlereagh 1 NCA44 Unanderra 1284.245 15.50 84.69 5.16 4.53 5.08
North Castlereagh 1 NCAAT5 Unanderra 1287.210 10.09
North Castlereagh 1 NCA32 Unanderra 1290.110 9.79
Riverstone 1 RIV650 U. Bulli 1013.94 12.06 94.89 1.08 4.03
Riverstone 1 RIV633 L. Bulli 1024.41 10.99
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Borehole Sample number Seam name Depth (m)
Gas content 
(raw, m3/t)
Methane 
(%) CO2 (%)
Nitrogen 
(%)
Ethane 
(%)
Riverstone 1 RIV427 L. Bulli 1025.82 7.13 96.79 1.08 2.13
Riverstone 1 RIV637 L. Bulli 1025.91 5.14
Riverstone 1 RIV303 Balgownie 1042.31 13.79
Riverstone 1 RIV642 Balgownie 1043.29 12.06
Riverstone 1 RIV558 Balgownie 1044.23 14.26 91.40 0.48 8.31
Riverstone 1 RIV630 Balgownie 1045.07 10.87
Riverstone 1 RIV645 Cape Horn 1057.89 10.78
Riverstone 1 RIV554 U. Wongawilli 1070.45 33.07
Riverstone 1 RIV647 U. Wongawilli 1072.03 8.11
Riverstone 1 RIV441 L. Wongawilli 1088.02 11.68
Riverstone 1 RIV471 L. Wongawilli 1088.66 12.36 95.43 1.20 3.37
Riverstone 1 L. Wongawilli 1089.00
Riverstone 1 RIV472 L. Wongawilli 1089.86 9.15
Riverstone 1 L. Wongawilli 1089.96
Riverstone 1 RIVCAN3 No. 1101 1101.42 5.16
Riverstone 1 RIV420 U. American Ck 1121.43 13.02 95.39 1.26 3.35
Riverstone 1 RIVCAN5 American Ck 1 1127.66 10.36
Riverstone 1 RIVAT12 American Ck 2 1133.44 9.48
Riverstone 1 RIVCAN4 American Ck 3 1136.19 7.61
Riverstone 1 RIV632 American Ck 4 1152.69 10.35 84.63 0.85 14.52
Riverstone 1 RIV422 American Ck 4 1153.01 9.25
Riverstone 1 RIVAT8 American Ck 5 1160.51 3.74
Riverstone 1 RIV533 American Ck 5 1161.42 8.55
Riverstone 1 RIV605 American Ck 6 1168.89 8.30
Riverstone 1 RIV632A American Ck 7 1182.43 12.71
Riverstone 1 RIV435 American Ck 8 1183.45 4.03
Riverstone 1 RIV624 No. 1201 1203.85 13.89
Riverstone 1 RIV607 Tongarra 1212.61 13.45
Riverstone 1 RIV439 Pheasants Nest 6 1465.03 16.64 86.39 6.86 6.75
Riverstone 1 RIV450 Pheasants Nest 7 1467.97 5.05
Riverstone 1 RIV470 Unanderra 1476.94 12.76
Riverstone 1 RIV578 Unanderra 1477.93 13.55 79.17 12.92 7.91
Riverstone 1 RIV407 Unanderra 1483.33 8.92
Riverstone 1 RIV552 Unanderra 1484.22 13.33 85.29 6.61 8.10
Coricudgy 1 E107 KAT 485.880 0.00
Coricudgy 1 E110 KAT 487.187 0.00
Coricudgy 1 E109 KAT 488.697 0.00
Coricudgy 1 KAT 489.282
Coricudgy 1 E108 KAT 490.165 0.00
Coricudgy 1 E106 MDR 538.810 0.37
Coricudgy 1 E105 UN4 564.330
Coricudgy 1 E104 MDR 576.160 0.18
Coricudgy 1 E110 MDR 631.075 0.18
Coricudgy 1 A401 IRD 632.720 0.66
Coricudgy 1 E107 UN7 635.405
Coricudgy 1 E101 UN8 646.400 0.00
Coricudgy 1 E102 UN9 655.920 1.30
Coricudgy 1 E105 UN11 708.785 0.00
Coricudgy 1 E101 UN12 715.190 0.61
Coricudgy 1 E103 UN13 727.510 1.13
Coricudgy 1 E108 UN15 741.135 0.92
Coricudgy 1 M408 UN15 742.195 0.78
Coricudgy 1 A701 LDU 756.644 0.91
Coricudgy 1 E109 LD  759.215 3.19
Coricudgy 1 M403 LD 759.845 3.57
Coricudgy 1 M425 LTU 775.950 1.93
Coricudgy 1 M407 LTU 777.320 4.04
Coricudgy 1 M424 LTH 782.245 1.11
Coricudgy 1 A708 LTH 783.250 1.13
Coricudgy 1 A707 LTL 785.425 8.97
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Gas isotope data
Data source ‐ DIGS reports, report numbers listed in Chapter 3 ‐ Appendix.
Sample numbers and coal seam names are listed as reported in DIGS files.
Borehole name Depth (m)
Methane carbon 
isotope (δ13C)
Ethane carbon 
isotope (δ13C)
CO2 carbon 
isotope (δ13C) Sample number Coal seam Source
Windermere 4 451.4 ‐66.2 0.6 Lower Piecefield  DIGS report
Windermere 4 456.5 ‐65.2 0.6 Vaux  DIGS report
Windermere 4 535.7 ‐64.5 2.2 Bayswater  DIGS report
Windermere 4 701.6 ‐60.4 ‐1.3 Foybrooks DIGS report
Monkey Place Creek 4 160.2 ‐62.6 ‐11.4 Whybrow  DIGS report
Monkey Place Creek 4 244.1 ‐31.6 ‐0.5 Blakefield  DIGS report
Monkey Place Creek 4 305.4 ‐60.5 ‐5.2 Woodlands Hill Lower  DIGS report
Monkey Place Creek 4 353.5 ‐59.9 ‐10.3 Unknown DIGS report
Monkey Place Creek 4 389.3 ‐57.8 ‐2.7 Warkworth  DIGS report
Monkey Place Creek 4 432.3 ‐58.3 ‐0.1 Vaux  DIGS report
Monkey Place Creek 4 475.9 ‐59 2.4 Bayswater  DIGS report
Monkey Place Creek 4 649.3 ‐43.7 ‐0.3 Foybrook 8  DIGS report
Hunter Core 3 216.6 ‐54 ‐2.5 Newcastle CM DIGS report
Hunter Core 3 275.1 ‐53.3 ‐6.5 Newcastle CM DIGS report
Hunter Core 3 347.4 ‐48.9 Lower Whybrow 2  DIGS report
Hunter Core 3 448.2 ‐50.1 ‐1.3 Whynot  DIGS report
Hunter Core 3 449.2 ‐54.1 0.6 Whynot  DIGS report
Hunter Core 3 470.5 ‐52.7 9 Blakefield  DIGS report
Hunter Core 3 667.8 ‐21.2 Bowfield  DIGS report
Hunter Core 3 768.2 ‐51.5 ‐3.9 Piercefield  DIGS report
Hunter Core 3 854.2 ‐54.3 ‐22.7 Broonie Split  DIGS report
Hunter Core 3 883.1 ‐42.5 8.3 Bayswater  DIGS report
Hunter Core 3 887.5 ‐40.9 9.2 Bayswater  DIGS report
Hunter Core 3 892.2 ‐42.3 5.1 Bayswater  DIGS report
Paynes Crossing 1 401.2 ‐42 ED052 mid‐Newcastle CM DIGS report
Paynes Crossing 1 426.8 ‐38.9 ED636 mid‐Newcastle CM DIGS report
Wappinguy 1 712.9 ‐67.1 WG01ED1416 Blakefield  DIGS report
Hunter Core 5 755.0 ‐48.5 ‐33.6 258 Greta DIGS report
Hunter Core 5 762.2 ‐50.7 585 Greta DIGS report
Hunter Core 5 798.6 ‐55.2 6.5 ed508 Greta DIGS report
Hunter Core 5 801.5 ‐48.3 6.2 192 Greta DIGS report
Hunter Core 5 803.6 ‐49.6 3 201 Greta DIGS report
Hunter Core 5 804.0 ‐47.7 8.7 85 Greta DIGS report
Hunter Core 6 643.4 ‐57.1 ‐26 306 Newcastle CM DIGS report
Hunter Core 6 727.6 ‐49.4 561 Newcastle CM DIGS report
Hunter Core 6 768.5 ‐50.4 302 Newcastle CM DIGS report
Hunter Core 6 801.4 ‐50 298 Newcastle CM DIGS report
Hunter Core 6 922.7 ‐48.9 198 Unknown DIGS report
Unknown ‐ Hunter Valley 116.9 ‐10.7 50134 Mount Arthur (MA1A) Private
Unknown ‐ Hunter Valley 128.7 ‐10 50164 Piercefield (PF1A) Private
Unknown ‐ Hunter Valley 176.6 ‐70.8 ‐6.4 50220 Broonie (BR4A) Private
Unknown ‐ Hunter Valley 216.0 ‐67.2 ‐5.3 50271 Bayswater (BY3) Private
Yallambee 1 830.0 ‐37.6 3.8 ED19 Bohena DIGS report
Yallambee 1 591.7 ‐73.5 ‐34.7 0.2 ED06 Hosskinsons DIGS report
Dewhurst 7 700.8 ‐68.8 2 GC02 Hosskinsons DIGS report
Dewhurst 7 1057.7 ‐58.2 6.2 GC07 Bohena DIGS report
Falklands 1 1151.8 ‐38.8 ‐34.7 FK01841 ?? Gloucester DIGS report
Bunnirong 1 805.0 ‐41.7 ‐11.5 M422 Bulli DIGS report
Bunnirong 1 851.0 ‐43.7 9.3 M424 Balgownie DIGS report
Bunnirong 1 979.0 ‐35.2 ‐16.2 M408 American Creek DIGS report
Bunnirong 1 1167.0 ‐36 ‐12.1 A401 Woonona DIGS report
Eveleight 1 914.0 ‐49.3 10.9 M404 Bulli DIGS report
Eveleight 1 947.0 ‐41.4 9.7 M129 Balgownie DIGS report
Eveleight 1 992.0 ‐40.5 7.1 M136 Wongawilli DIGS report
Eveleight 1 1077.0 ‐41.9 10.6 A813 Wongawilli DIGS report
Eveleight 1 1120.0 ‐41.7 5.8 M421 American Creek DIGS report
Eveleight 1 1199.0 ‐38.8 ‐6.9 A706 Unnamed 2 DIGS report
Unknown ‐ Hunter Valley 291.8 ‐63.576 ‐23.676 EX05ED015 Blakefield Upper Thomson et al., 2008
Unknown ‐ Hunter Valley 294.2 ‐62.561 ‐22.173 EX05ED180 Blakefield Lower Thomson et al., 2008
Unknown ‐ Hunter Valley 304.4 ‐62.132 ‐20.71 EX05ED076 Glen Munro Thomson et al., 2008
Unknown ‐ Hunter Valley 365.6 ‐58.446 ‐6.889 EX05ED057 Woodlands Hill Thomson et al., 2008
Unknown ‐ Hunter Valley 368.5 ‐55.341 ‐7.725 EX05ED108 Woodlands Hill Thomson et al., 2008
Unknown ‐ Hunter Valley 387.5 ‐55.701 ‐6.13 EX05ED151 Mt Arthur Thomson et al., 2008
Unknown ‐ Hunter Valley 392.5 ‐53.509 ‐0.252 EX05ED246 Piercefield A Thomson et al., 2008
Unknown ‐ Hunter Valley 401.4 ‐55.188 ‐2.758 EX05ED088 Piercefield B Thomson et al., 2008
Unknown ‐ Hunter Valley 169.3 ‐80.486 ‐0.847 EX09ED011 Blakefield Thomson et al., 2008
Unknown ‐ Hunter Valley 170.5 ‐80.178 ‐7.023 EX09ED118 Blakefield Thomson et al., 2008
Unknown ‐ Hunter Valley 173.0 ‐75.763 ‐8.373 EX09ED102 Blakefield Thomson et al., 2008
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Borehole name Depth (m)
Methane carbon 
isotope (δ13C)
Ethane carbon 
isotope (δ13C)
CO2 carbon 
isotope (δ13C) Sample number Coal seam Source
Unknown ‐ Hunter Valley 208.9 ‐56.127 ‐5.407 EX09ED034 Glen Munro Thomson et al., 2008
Unknown ‐ Hunter Valley 238.6 ‐70.121 ‐2.868 EX09ED148 Woodlands Hill Thomson et al., 2008
Unknown ‐ Hunter Valley 241.1 ‐53.086 ‐1.131 EX09ED111 Woodlands Hill Thomson et al., 2008
Unknown ‐ Hunter Valley 290.5 ‐65.584 0.406 EX09ED061 Mt Arthur Thomson et al., 2008
Unknown ‐ Hunter Valley 310.4 ‐61.796 1.165 EX09027 Unknown Thomson et al., 2008
Munmorah DDH 1 233.0 ‐59 ‐13.3 A810 ‐ PHKM3 Great Northern DIGS report
Wybong 1 389.2 ‐14.1 Wybam 04 Blakefield DIGS report
Wybong 1 391.3 ‐13.3 Wybam 38 Blakefield DIGS report
Wybong 1 532.1 ‐10.3 Wybam 15 Arrowfield DIGS report
Wybong 1 583.7 ‐7.3 Wybam 37 Warkworth  DIGS report
Wybong 1 585.0 ‐13.7 Wybam 29 Warkworth  DIGS report
Wybong 1 615.6 ‐11.6 Wybam 19 Mt Arthur DIGS report
Wybong 1 705.4 ‐10.8 Wybam 21 Broonies DIGS report
Wybong 1 711.0 ‐13.5 Wybam 03 Broonies DIGS report
Wybong 1 712.0 ‐11.9 Wybam 14 Bayswater DIGS report
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Stress magnitude data 
Depth (m)
Minimum 
horizontal stress 
(MPa)
Maximum 
horizontal stress 
(MPa) Reference
Figure 
number
25 2 4 Enever and Lee, 2000 8
50 4 Enever and Lee, 2000 8
95 8 12 Enever and Lee, 2000 8
100 9 13.5 Enever and Lee, 2000 8
115 15.5 23.5 Enever and Lee, 2000 8
140 17 26 Enever and Lee, 2000 8
190 6 9 Enever and Lee, 2000 8
190 16.5 34 Enever and Lee, 2000 8
194 25.5 33 Enever and Lee, 2000 8
195 12 Enever and Lee, 2000 8
195 15 22.5 Enever and Lee, 2000 8
198 28 53 Enever and Lee, 2000 8
199 13.5 Enever and Lee, 2000 8
201 21 33.5 Enever and Lee, 2000 8
205 12 14 Enever and Lee, 2000 8
205 7 17 Enever and Lee, 2000 8
205 7.5 11 Enever and Lee, 2000 8
210 6.5 28 Enever and Lee, 2000 8
212 7 Enever and Lee, 2000 8
220 3 Enever and Lee, 2000 8
223 6 40 Enever and Lee, 2000 8
224 6.5 25 Enever and Lee, 2000 8
225 7 9 Enever and Lee, 2000 8
235 14 23 Enever and Lee, 2000 8
240 3.5 4.5 Enever and Lee, 2000 8
245 7 Enever and Lee, 2000 8
255 6 8.7 Enever and Lee, 2000 8
280 25 44 Enever and Lee, 2000 8
310 22.5 Enever and Lee, 2000 8
320 22.5 31 Enever and Lee, 2000 8
330 14 Enever and Lee, 2000 8
350 26.5 45 Enever and Lee, 2000 8
360 27 Enever and Lee, 2000 8
370 18.5 47.5 Enever and Lee, 2000 8
490 23 37 Enever and Lee, 2000 8
495 23.5 39 Enever and Lee, 2000 8
610 25.5 29 Enever and Lee, 2000 8
640 27.5 34 Enever and Lee, 2000 8
695 10 13.5 Enever and Lee, 2000 8
730 14.5 21.5 Enever and Lee, 2000 8
820 13 17 Enever and Lee, 2000 8
825 14 20 Enever and Lee, 2000 8
855 14.5 20.5 Enever and Lee, 2000 8
895 21 33 Enever and Lee, 2000 8
905 22 34 Enever and Lee, 2000 8
940 31.5 55.5 Enever and Lee, 2000 8
980 28.5 54 Enever and Lee, 2000 8
120 3 6 Enever et al., 1994b ‐ SPE 28780 6a
170 3.5 16.5 Enever et al., 1994b ‐ SPE 28780 5a
200 8.5 26 Enever et al., 1994b ‐ SPE 28780 5a
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Depth (m)
Minimum 
horizontal stress 
(MPa)
Maximum 
horizontal stress 
(MPa) Reference
Figure 
number
235 7.5 16 Enever et al., 1994b ‐ SPE 28780 5a
265 9.5 16.5 Enever et al., 1994b ‐ SPE 28780 4a
270 8 11 Enever et al., 1994b ‐ SPE 28780 4a
275 6 9.5 Enever et al., 1994b ‐ SPE 28780 5a
290 7 11 Enever et al., 1994b ‐ SPE 28780 6a
310 14 26 Enever et al., 1994b ‐ SPE 28780 5a
325 8 12 Enever et al., 1994b ‐ SPE 28780 6a
345 11 19 Enever et al., 1994b ‐ SPE 28780 4a
350 11.5 20 Enever et al., 1994b ‐ SPE 28780 4a
375 14 24 Enever et al., 1994b ‐ SPE 28780 4a
380 8 12 Enever et al., 1994b ‐ SPE 28780 6a
385 20 35 Enever et al., 1994b ‐ SPE 28780 5a
440 9 14 Enever et al., 1994b ‐ SPE 28780 6a
440 17 27 Enever et al., 1994b ‐ SPE 28780 4a
450 8.5 14 Enever et al., 1994b ‐ SPE 28780 6a
460 10 13 Enever et al., 1994b ‐ SPE 28780 5a
550 23 34 Enever et al., 1994b ‐ SPE 28780 4a
531 13 19 Enever et al., 1994a ‐ SPE 28048 5b
535 15 24 Enever et al., 1994a ‐ SPE 28048 5a
537 12 18 Enever et al., 1994a ‐ SPE 28048 5b
547 11 17 Enever et al., 1994a ‐ SPE 28048 5b
550 19 29 Enever et al., 1994a ‐ SPE 28048 5a
558 11 16 Enever et al., 1994a ‐ SPE 28048 5b
565 20 34 Enever et al., 1994a ‐ SPE 28048 5a
578 16 26 Enever et al., 1994a ‐ SPE 28048 5b
588 13 18 Enever et al., 1994a ‐ SPE 28048 5b
595 14 20 Enever et al., 1994a ‐ SPE 28048 5b
600 22.5 35 Enever et al., 1994a ‐ SPE 28048 5a
615 18.5 32 Enever et al., 1994a ‐ SPE 28048 5b
622 17.5 29 Enever et al., 1994a ‐ SPE 28048 5b
638 19 29.5 Enever et al., 1994a ‐ SPE 28048 5b
640 24 40 Enever et al., 1994a ‐ SPE 28048 5a
645 16 22 Enever et al., 1994a ‐ SPE 28048 5a
656 13.5 22 Enever et al., 1994a ‐ SPE 28048 5a
660 13.5 21.5 Enever et al., 1994a ‐ SPE 28048 5a
40 1.5 3 Enever et al., 1998 5a,b
50 1 1.5 Enever et al., 1998 5a,b
55 4.5 8.5 Enever et al., 1998 5a,b
65 4 7.4 Enever et al., 1998 5a,b
80 2.5 6.5 Enever et al., 1998 5a,b
95 2.5 6 Enever et al., 1998 5a,b
110 4 8 Enever et al., 1998 5a,b
120 2 3 Enever et al., 1998 5a,b
150 4.5 8.5 Enever et al., 1998 5a,b
155 3.5 6.5 Enever et al., 1998 5a,b
180 8 11 Enever et al., 1998 5a,b
325 17 27 Enever et al., 1998 5a,b
340 18.5 32.5 Enever et al., 1998 5a,b
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